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ABSTRACT
An e l e c t r o n i c  compensator i s  descr ibed  t h a t  i s  capable  of  
compensating the  r e a c t i v e  c u r r e n t  drawn by a rc  fu rnaces  and o ther  
n o n l in ea r ,  t ime-vary ing  loads .  Cons is t ing  of  t h r e e  independent  
s in g le -p h ase  pu lse-wid th  modulated (PWM) i n v e r t e r s ,  along with 
ap p ro p r ia t e  c o n t r o l l e r  and d e t e c to r  s t a g e s ,  the  proposed compensator 
responds qu ick ly  to  sudden load changes and compensates the  r e a c t i v e  
c u r r e n t  drawn by the load.  Unlike conventional  s t a t i c  var  
compensators,  the e l e c t r o n i c  compensator can a l so  supply the a c t iv e  
c u r r e n t  demanded by the  load i f  an energy source independent  of  the 
u t i l i t y  i s  a v a i l a b l e .
Simulat ions  are conducted,  inc lud ing  the  modell ing of  the furnace  
c u r r e n t  and vo l tage  waveforms during the  e a r l y  s tage  of  scrap  m e l t ing ,  
in order  to  determine the  e f f e c t i v e n e s s  of  several  suggested  d e t e c t io n  
methods t h a t  can be used to  se p a ra t e  the  a c t i v e  and r e a c t i v e  
components of  the  furnace c u r r e n t .  Actual waveforms observed on an 
a rc  furnace  are included t h a t  co r robora te  the  computer modell ing .
Comparisons a re  made between a vo l tage  source i n v e r t e r  t h a t  uses 
a f a s t  SCR as the main swi tch ing  device and one t h a t  uses a GTO. 
Various c h a r a c t e r i s t i c s  of  the  two i n v e r t e r s  a re  d i scussed ,  such as 
the  swi tching device lo s s e s  and the  snubber c i r c u i t  l o s s e s .  The 
design of  the  GTO ga te  d r iv e  c i r c u i t  i s  d esc r ibed .  Tes t  r e s u l t s  from 
two cons t ruc ted  i n v e r t e r s  a re  given.
x
A low-pass f i l t e r  i s  r equ i re d  to  a t t e n u a t e  the  high frequency 
harmonic c u r r e n t s  genera ted  by the  PWM i n v e r t e r .  The design of  the  
f i l t e r  i s  d iscussed  and an example o f  a minimum-size f i l t e r  i s  
i l l u s t r a t e d .  In a d d i t i o n ,  the  use of  the  modified un ipo la r  cont rol  
s t r a t e g y ,  which i s  novel in the  design of  the  compensator,  doubles the 
e f f e c t i v e  switch ing frequency and the reby  f u r t h e r  reduces the s i z e  of  
the  low-pass f i l t e r .
The design ideas  p resen ted  in t h i s  research  a re  app l ied  in the  
c o n s t ru c t io n  of  a s m a l l - s c a l e  e l e c t r o n i c  compensator . Experimental 
r e s u l t s  in d i c a t e  t h a t  the  e l e c t r o n i c  compensator can a c c u ra te ly  
compensate an a rc  fu rnace .
CHAPTER 1
INTRODUCTION
1.1 OBJECTIVES OF LOAD COMPENSATION
Load compensation i s  one technique used to  ach ieve  the  d e s i r a b l e  
c h a r a c t e r i s t i c s  of  an ac power system. Fundamentally,  load 
compensation c o n s i s t s  o f  the  "genera t ion"  of  r e a c t i v e  power demanded 
by a load (or  group o f  loads)  a t  or near the  load s i t e .  Thus, the  
power system i t s e l f  i s  no t  r equ i red  to  supply t h i s  " u se le s s "  component 
t h a t  c o n t r i b u t e s  noth ing to  the  average power o f  the  load bu t ,  y e t ,  
c o n t r i b u t e s  to  power system equipment loading and l i n e  l o s s .
The th r e e  c h i e f  o b j e c t i v e s  of  load compensation a re :
(1) Power- factor  c o r r e c t io n
(2) Improvement o f  vo l tage  r e g u la t io n
(3) Load balancing
In s p e c i f i c  ca se s ,  one or  more of  th e se  o b j e c t i v e s  may not  apply 
( e . g . ,  the  load may be i n h e re n t ly  ba lanced) .  In g e n e ra l ,  however, the 
purpose of load compensation w i l l  inc lude ,  to  one degree or  ano the r ,  
each of  the  t h r e e  s t a t e d  o b j e c t i v e s .
The a c t i v e  load c u r r e n t  alone i s  u l t i m a t e l y  usefu l  in energy 
convers ion ,  whereas the  genera t ion  and t r an s m is s io n  of  r e a c t i v e  
c u r r e n t  r e p r e s e n t s  a waste to  both the u t i l i t y  and the  customer.
Hence, f o r  maximum system e f f i c i e n c y ,  pow er- fac to r  c o r r e c t i o n  of  l a rge  
i n d u s t r i a l  loads  i s  e s s e n t i a l .  Most loads tend to  vary  t h e i r  demand
2fo r  c u r r e n t ,  al though th e  r a t e  and amount of  v a r i a t i o n  w i l l  depend 
upon the  s p e c i f i c  load.  Since the  v a r i a t i o n  of  the  r e a c t i v e  c u r r e n t  
i s  p r im a r i ly  r e s p o n s ib le  f o r  the changes in the  vo l t age  a t  a supply 
p o in t ,  load compensation i s  a l so  an impor tan t  too l  f o r  vo l tage  
r e g u la t i o n  improvement. In a d d i t i o n ,  la rge  load unbalances in a power 
system cause a v a r i e t y  o f  undes i rab le  e f f e c t s ,  such as ad d i t io n a l  
l o s s e s  in motors and g e n e ra to r s ,  o s c i l l a t i n g  to rque  in ac machines,  
and s a t u r a t i o n  of t r a n s fo rm e r s .  Thus, load balancing  i s  an important  
o b j e c t i v e  of  load compensation.
1.2 PRESENT STATUS OF LOAD COMPENSATORS
Many d i f f e r e n t  types  of  load compensation equipment a re  in use.
A l i s t i n g  of  the  va r ious  methods of  load compensation inc ludes  the 
fo l lowing :
(1) Shunt c a p a c i t o r
(2) S e r ie s  c a p a c i t o r
(3) Shunt r e a c to r
(4) Synchronous condenser
(5) S t a t i c  var compensator
The advantages and d isadvan tages  of  the  var ious  te chn iques  a re  well 
documented in the  l i t e r a t u r e  [ 1 ] - [ 1 1 ] .  Of the  d i f f e r e n t  types  of  load 
compensation methods l i s t e d ,  the  s t a t i c  var compensator (SVC) i s  the 
most r e c e n t ly  developed and has severa l  advantages compared to  the 
o ld e r  forms of  compensation,  such as f a s t e r  response time and more 
ac c u ra te  compensation.  These c h a r a c t e r i s t i c s  a re  r e l a t i v e ,  of  course ,  
and f o r  some loads the  f e a t u r e s  o f  the SVC should be improved.
3Several  d i f f e r e n t  SVC c o n f ig u ra t io n s  are  p r e s e n t l y  used fo r  
compensation of  a r c  fu rn a c e s ,  r o l l i n g  m i l l s ,  and o th e r  l a rg e  
i n d u s t r i a l  loads  [ l ] - [ 7 ] .  The two bas ic  c o n f ig u ra t io n s  from which a l l  
convent ional  SVC's a re  de r ived  are  the  t h y r i s t o r - c o n t r o l l e d  r e a c to r  
c o n f ig u ra t io n  and the  t h y r i s t o r - s w i t c h e d  c a p a c i t o r  c o n f ig u ra t io n .  
Regard less  of  the  d e t a i l s  of  o p e ra t io n ,  however, the  ba s ic  scheme of 
a l l  conventional  SVC's i s  the  same in t h a t  the  e f f e c t i v e  va lues  of  
pa s s iv e  s to r a g e  elements ( r e a c t o r s  or  c a p a c i t o r s )  connected in 
p a r a l l e l  with the  load a r e  va r ie d  by t h y r i s t o r s  so t h a t  the  sum of  the 
r e a c t i v e  c u r r e n t s  drawn by the  compensator and the  load i s  ze ro .  The 
design of  th e se  SVC's a r e  such t h a t  compensation of  the  load occurs 
d i s c o n t in u o u s ly  in s t e p s  o f  o n e -h a l f  cyc le  or  more of  the  power l i n e  
f requency.  Concep tua lly ,  conventional  SVC's a re  in tended to  
compensate only  the  fundamental displacement  c u r r e n t  [ 5 ] .  Tuned 
f i l t e r s  a re  o f t e n  used in  conjunction  with  SVC's i f  t h e  compensated 
load draws harmonic d i s t o r t i o n  c u r r e n t .  Moreover, some SVC 
c o n f ig u r a t io n s  themselves  gene ra te  low-order harmonic c u r r e n t s  and 
r e q u i r e  harmonic f i l t e r s .
The f i l t e r s  u s u a l ly  necessary  to  a t t e n u a t e  the  load harmonics 
(and, p o s s i b ly ,  the  SVC harmonics) inc re ase  the  t o t a l  c o s t  of 
compensation. I f  they  a r e  not  c a r e f u l l y  des igned,  the  f i l t e r s  may 
a c t u a l l y  cause a m p l i f i c a t i o n ,  r a t h e r  than a t t e n u a t i o n ,  of  c e r t a i n  
harmonics because of  system resonances .  Furthermore,  the  inhe ren t  
de lay  of  some convent iona l  SVC's may be too g r e a t  f o r  e f f e c t i v e  
compensation of  a r a p i d l y  vary ing load ,  such as an a rc  fu rnace .  In 
f a c t ,  un le ss  the  compensator  has a s u f f i c i e n t l y  f a s t  response t ime ,  
a r c  fu rnace  f l i c k e r  w i l l  be inc reased  as compared to  t h a t  observed
4w ithou t  the  compensator [12 ] .  Thus, i t  i s  reasonable  to  i n v e s t i g a t e  
compensator  des igns  t h a t  no t  only have f a s t e r  response t im es ,  but  a l so  
have the  a b i l i t y  to  compensate d i r e c t l y  the  harmonics of  a rc  fu rnaces  
and o the r  non l inea r  loads .
1.3 AN INSTANTANEOUS LOAD COMPENSATOR
An e l e c t r o n i c  compensator c o n s i s t i n g  of  a pulse-wid th  modulated 
(PWM) i n v e r t e r  in p a r a l l e l  with  a load can compensate both the 
fundamental di splacement c u r r e n t  and the  low frequency harmonic 
d i s t o r t i o n  c u r r e n t  drawn by the  load.  This  approach to  load 
compensation has been p r ev ious ly  repo r ted  [13] .  However, the  load was 
assumed to  be a low power s in g le -p h a se  e l e c t r o n i c  conver te r  r e q u i r in g  
only  r e a c t i v e  c u r r e n t  compensation.
This re sea rch  expands upon t h a t  ba s ic  idea and i n v e s t i g a t e s  the 
design of  a modern e l e c t r o n i c  compensator capable of  compensating the  
t o t a l  in s tan taneous  r e a c t i v e  c u r r e n t  drawn by an a rc  fu rnace ,  
undoubtedly the  most d i f f i c u l t  type of  load to  compensate [6 ] .  Among 
th e  many des ign innova tions  of  the  proposed compensator i s  the  smal le r  
f i l t e r  s i z e  requ i re d  fo r  the  suppress ion  of  the high frequency 
harmonic c u r r e n t s  as  compared to  t h a t  requ i red  by the  compensator 
desc r ibed  in [13].
Unlike convent ional  SVC's, the  proposed e l e c t r o n i c  compensator 
can a l so  d e l i v e r  a c t i v e  c u r r e n t  ( i . e . ,  average power) to  the  load i f  
an independent  energy source  i s  a v a i l a b l e .  This  f e a t u r e  of  the 
in s ta n taneous  compensator was not  exp lored in the  e a r l i e r  work. As 
th e  number of  independent  energy sources  inc rease  ( e . g . ,  advanced 
technology s to rag e  b a t t e r i e s ) ,  t h i s  a d d i t io n a l  c a p a b i l i t y  of  the
5proposed compensator should be q u i t e  u s e fu l ,  p a r t i c u l a r l y  dur ing peak 
power p e r io d s .
Since the  proposed e l e c t r o n i c  compensator does not  use la rge  
pass ive  s to rag e  e lements,  as  do conventional  SVC's [14] ,  the  overa l l  
s i z e  of  the  compensator i s  reduced.  Moreover, the  co s t  of  power 
semiconductors i s  dec reas ing  with t ime,  whereas the  co s t  o f  pass ive  
components i s  in c re as in g  [15] ,  to  the  po in t  where compensators t h a t  
p r im a r i ly  u t i l i z e  power semiconductors in s te ad  of  pass ive  components 
a re  economical.  Hence, the  co s t  of  the  e l e c t r o n i c  compensator should 
compare fav o rab ly  with convent ional  SVC's.
The c u r r e n t s  in the  d i f f e r e n t  phases of  an a rc  fu rnace  (or  any 
other,  unbalanced load) may have any a r b i t r a r y  value a t  any i n s t a n t  
and,  t h e r e f o r e ,  th e  proposed e l e c t r o n i c  compensator needs t h r e e  
s in g le -p h a s e  b r idge  i n v e r t e r s  so t h a t  each one can genera te  a t o t a l l y  
independent  compensating c u r r e n t .  The concept  of  load balancing [16] ,  
v a l i d  f o r  s t e a d y - s t a t e  loa ds ,  must be c l o s e l y  examined in the  case of 
an a rc  fu rnace  because th e  fu rnace  i s  p r a c t i c a l l y  in a t r a n s i e n t  s t a t e  
th roughout the  e a r l y  s t a g e  of  scrap  melt ing .
1.4 OVERVIEW
The fundamental concept  of  load compensation i s  d iscussed  in 
Chapter  2. The d e f i n i t i o n  of  r e a c t i v e  c u r r e n t  fo r  a l i n e a r  load i s  
f i r s t  reviewed.  The d e f i n i t i o n  of  r e a c t i v e  c u r r e n t  i s  then 
g e n e ra l i z e d  f o r  a n on l inea r  load so t h a t  both the  fundamental 
d isp lacement c u r r e n t  and the  harmonic d i s t o r t i o n  c u r r e n t  a re  inc luded .  
For th ree -p h as e  loads ,  load balancing  must be cons idered .  There fore ,
6severa l  a l t e r n a t e  approaches to  compensation of  th re e -p h a s e  loads  are 
a l s o  descr ibed .
A bas ic  problem in th e  compensation of  a t im e-vary ing  load i s  the 
s e p a ra t io n  of  the  a c t i v e  and r e a c t i v e  c u r r e n t  components with high 
accuracy and minimum de lay .  This  problem i s  s tu d ie d  in Chapter  3 fo r  
an a rc  fu rnace  load.  The a rc  fu rnace  i s  s e l e c t e d  because the  furnace 
c u r r e n t  tends  to  f l u c t u a t e  cons ide rab ly  from cycle  to  cyc le  of  the 
power l i n e  frequency and c o n ta in s  r e l a t i v e l y  l a rg e  harmonic 
components. Simulat ion r e s u l t s  a re  p resen ted ,  inc lud ing  the  modell ing 
of  the  fu rnace  c u r r e n t  and vo l t age  waveforms during the  e a r l y  s tage  of  
sc rap  m e l t ing ,  in o rder  to  determine the  e f f e c t i v e n e s s  of  several  
sugges ted d e t e c t i o n  methods t h a t  can be used to  measure the  a c t i v e  and 
r e a c t i v e  components of  th e  fu rnace  c u r r e n t .  Actual waveforms observed 
on an a rc  fu rnace  a re  inc luded  t h a t  co r robo ra te  the  computer 
model 1ing.
The des ign d e t a i l s  o f  the  PWM i n v e r t e r  a re  developed in 
Chapter  4.  Comparisons a r e  made between an i n v e r t e r  t h a t  uses a 
s i l i c o n - c o n t r o l l e d  r e c t i f i e r  t h y r i s t o r  (SCR) as the  main swi tching 
dev ice  and one t h a t  uses a ga te  t u r n - o f f  t h y r i s t o r  (GTO). Also shown 
i s  the  des ign of  the  low-pass f i l t e r  t h a t  i s  necessary  to  a t t e n u a t e  
the  high frequency harmonics of  the  PWM i n v e r t e r .  In a d d i t io n ,  the 
con t ro l  s t r a t e g y  fo r  the power swi tches  i s  d esc r ibed .
Experimental r e s u l t s  from a low power s in g le -p h a se  e l e c t r o n i c  
compensator a re  p resen ted  in Chapter  5. Two d i f f e r e n t  loads are  used 
to  t e s t  the  co n s t ru c ted  compensator ,  inc lud ing  a t im e-va ry ing ,  
non l inea r  l.oad t h a t  approximates one phase of  an a rc  fu rnace .  Also 
demonstrated i s  the  a b i l i t y  of  the  compensator to  a c t  as  both a
7r e a c t i v e  c u r r e n t  compensator and an a c t iv e  c u r r e n t  genera to r  when fed 
by an independent  energy source .
This re search  i s  summarized in Chapter  6.  Advantages and 
d isadvan tages  of  the  in s ta n tan eo u s  e l e c t r o n i c  compensator are 
d i scussed  and recommendations a re  made concerning ad d i t io n a l  research  
e f f o r t s  needed in r e l a t e d  a r e a s .
CHAPTER 2
BASIC CONCEPT OF LOAD COMPENSATION
2.1  INTRODUCTION
In t h i s  c h ap te r ,  the  ba s ic  concept  of  load compensation i s  
d i s c u s s e d .  React ive  c u r r e n t  compensation of  a l i n e a r ,  t i m e - i n v a r i a n t  
load i s  f i r s t  b r i e f l y  reviewed.  The d e f i n i t i o n  of  r e a c t i v e  c u r r e n t  i s  
then gen e ra l i z e d  fo r  n o n l in e a r  c i r c u i t s ,  both t i m e - i n v a r i a n t  and t ime- 
va ry ing .  This  g e n e ra l i z e d  d e f i n i t i o n  o f  r e a c t i v e  c u r r e n t  i s  impor tan t  
because the  proposed e l e c t r o n i c  compensator can compensate qu ick ly  and 
a c c u r a t e l y  both the  fundamental d isplacement c u r r e n t  and the  harmonic 
d i s t o r t i o n  c u r r e n t  of  a n o n l in e a r  load .  Compensation schemes fo r  
th r e e -p h a s e  loads  a re  a l s o  d e s c r ib e d ,  inc lud ing  a sugges ted approach,  
r e f e r r e d  to  as the  "independent"  approach,  t h a t  i s  advantageous over 
o th e r  schemes fo r  c e r t a i n  types  of  loads .
2.2 REACTIVE CURRENT COMPENSATION OF A SINGLE-PHASE LOAD 
Consider the  p a r a l l e l  RL c i r c u i t  shown in Fig.  2-1,  where the
p ass ive  elements a re  assumed to  be l i n e a r  and t i m e - i n v a r i a n t .  I f  the  
a p p l i e d  vo l tage  ac ross  the  network i s  s i n u s o i d a l ,  then the  t o t a l  
c u r r e n t  can be e a s i l y  re so lved  in to  i t s  a c t i v e  and r e a c t i v e  
components. For example, i f  vA^  = Vm cos wt ,  then
i-j. = 1^ cos(wt - 0) (2-1)
i D = I cos 0 cos wt (2-2)R m
8
9Figure 2-1. P a r a l l e l  RL c i r c u i t
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= I s in  0 s in  wt m (2 -3 )
where the  t o t a l  c u r r e n t ,  i T, i s  the  sum of  i t s  a c t i v e  and r e a c t iv e  
c u r r e n t  components, i R and i ^ ,  r e s p e c t i v e l y .  One sees  from t h i s  
s imple example t h a t  the  a c t i v e  c u r r e n t  i s  e x a c t ly  in phase with the  
a p p l ied  v o l t a g e ,  whereas th e  r e a c t i v e  c u r r e n t  i s  90 degrees out  of 
phase.  This quadra tu re  component of  c u r r e n t  c o n t r i b u t e s  nothing to  
the  average power of  the  load ,  s ince
where the  per iod  T equals  2tt/<d. However, the  mean-square value of  i L 
i s  no t  zero and,  hence,  t h e  r e a c t i v e  c u r r e n t  does in c re a s e  the  lo s s e s  
in the  power system.
For t h i s  p a r t i c u l a r  load ,  compensation i s  accomplished by p lac ing  
a p ro p e r ly  s i z e d  c a p a c i t o r  a c ros s  the  load so t h a t  the  c u r r e n t  drawn 
by the  c a p a c i t o r  e x a c t ly  cance ls  t h a t  drawn by the  load inductance .
The c o r r e c t  va lue of  the  c a p a c i t an ce ,  C, i s  given by
Once compensation i s  ach ieved ,  the  n e t  c u r r e n t  drawn by the  load (and,  
t h e r e f o r e ,  the  c u r r e n t  supp l ied  by the  power system) i s  equal to  i R. 
Hence, the  value of  0 i s  zero and the  average load power, V ^ R ’ i s  
equal to  the  apparen t  load power, V ^ I y .  (Note t h a t  the  e f f e c t i v e  
va lues  of  c u r r e n t  and v o l t ag e  a re  used f o r  average power and apparent  
power.)  Thus, the  r a t i o  of  th e se  two q u a n t i t i e s ,  the  power f a c t o r ,  i s  
a f i g u r e  o f  m e r i t  and i d e a l l y  should be equal to  one.
1
T
ft
(2-4)
t-T
(2-5)
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For the  cases  where e i t h e r  the  r e s i s t a n c e  or  the  induc tance (or  
both)  i s  n o n l in e a r ,  the  a c t i v e  and r e a c t i v e  c u r r e n t  components can 
s t i l l  be determined.  However, i t  i s  not as  s imple to  do so as before .  
Moreover, the  compensation of  a non l inea r  load i s  more d i f f i c u l t  than 
a l i n e a r  load and t y p i c a l l y  r e q u i r e s  the  use of  tuned f i l t e r s  to  
suppress  the  harmonic c u r r e n t .
One approach to  the  s e p a ra t io n  of  the a c t i v e  and r e a c t i v e  c u r re n t  
components i s  to  perform a frequency-domain a n a l y s i s  of  the  load 
c u r r e n t .  In th e o ry ,  i t  i s  r e l a t i v e l y  s t r a i g h t fo rw a rd  to  expand the 
p e r i o d i c ,  nons inusoidal  load  c u r r e n t  in a Four ie r  s e r i e s .  In 
p r a c t i c e ,  however, the  frequency-domain a n a l y s i s  needs complicated 
in s t rum en ta t ion  which invo lves  frequency component s ep a ra t io n  [17'].
A second approach avoids  Fou r ie r  s e r i e s  expansions and 
g e n e r a l i z e s  the  concepts  o f  " in-phase"  and "quadra tu re"  c u r r e n t  
components to  general  p e r i o d i c  waveforms. As descr ibed  in Page [17] ,  
f o r  a r b i t r a r y  load vo l t a g e  and load c u r r e n t  having a common 
p e r i o d i c i t y ,  the  c u r r e n t  can be unique ly  reso lved  in to  two components:
(1) an " in -phase"  component t h a t  has the  same waveform as the  
vo l tage
(2) a "quadra tu re"  component t h a t  i s  orthogonal  to  the vo l t age .  
The f i r s t  c u r r e n t  component may be c a l l e d  the  "a c t iv e "  load c u r r e n t  
because i t  alone  accounts  f o r  the  average power t r a n s f e r r e d  from the 
source to  the load .  The second c u r r e n t  component, r e f e r r e d  to  as the 
" r e a c t iv e "  load c u r r e n t ,  c o n t r i b u t e s  no average power but  i t  does 
c o n t r i b u te  to  equipment load ing  and l i n e  l o s s  because i t s  mean-square 
value i s  not  ze ro .
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The a c t iv e  c u r r e n t  component f o r  a s t e a d y - s t a t e  load i s  given by
T = per iod  of  the  load vo l tage  and load c u r r e n t ,
VAN = ^ns tan taneous  ^oac' v o l t ag e ,  
i T = ins tan taneous  load c u r r e n t ,
P = average load power,
V = e f f e c t i v e  load v o l t age .
The r e a c t i v e  load c u r r e n t ,  i ^ ,  i s  the  d i f f e r e n c e  between the  t o t a l  
load c u r r e n t  and the  a c t i v e  load c u r r e n t .  Thus,
As an example, Fig.  2-2 i l l u s t r a t e s  the  r e s o l u t i o n  of  the  load c u r r e n t  
in to  i t s  a c t i v e  and r e a c t i v e  components. For s i m p l i c i t y ,  the  load 
vo l t age  i s  assumed to  be s i n u s o i d a l .  For most loads ,  the  assumption 
of  a s inuso ida l  load v o l t age  i s  u su a l ly  s a t i s f a c t o r y  (even in the  case 
of  an a rc  fu rnace ,  as  w i l l  be seen) and, t h e r e f o r e ,  the  a c t i v e  c u r r e n t  
component w i l l  a l s o  be s i n u s o i d a l .  I f  the  load vo l t age  i s  not 
s i n u s o i d a l ,  however, then harmonics w i l l  a l so  c o n t r i b u t e  to  the 
average power of  the  load.
As po in ted  out  by Czarnecki [18 ] ,  one must be very ca re fu l  in 
a s s o c i a t i n g  some phys ical  meaning with the  r e a c t i v e  "power" in
(2 -6 )rT  ? VAN 
vnMd t
P
V
(2-7)
where
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Figure 2-2.  Reso lu t ion  o f  load c u r r e n t  in to  a c t i v e  and 
r e a c t i v e  components
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nons inusoidal  s i t u a t i o n s .  For example, i f  the  r e a c t i v e  power, Q, i s  
de f ined  as
Q = / S 2 -  P2 (2-9)
where S and P a re  the  apparen t  power and average power, r e s p e c t i v e l y ,  
then Q does not  r e p r e s e n t  th e  r a t e  a t  which energy f lows back and 
f o r t h  between the  source and the  load with no n e t  t r a n s f e r .  The 
simple case of  a s in u s o id a l  v o l t age  source  d r iv in g  a r e s i s t o r  in 
s e r i e s  with an ideal  diode i l l u s t r a t e s  t h i s  f a l l a c y ,  in t h a t  the  
r e a c t i v e  power of  the  load i s  g r e a t e r  than zero and,  y e t ,  the  
in s ta n tan eo u s  load power i s  always non-nega t ive .  The f a c t  remains,  
however, t h a t  al though th e  r e a c t i v e  Curren t  may not  cause a r e c ip ro c a l  
f low of  energy,  i t  a l s o  does not  c o n t r i b u t e  to  the  average power of  
the  load.
As given in Page [17 ] ,  the  equa t ions  d e f in in g  the  a c t i v e  and 
r e a c t i v e  c u r r e n t  components a re  fo r  a s t e a d y - s t a t e  load,  l i n e a r  or 
n o n l in e a r .  The d i s t i n c t i o n  between the  two c u r r e n t  components f o r  a 
t ime-vary ing  load i s  l e s s  c l e a r .  However, i f  the  ampli tude of  any 
s p e c i f i c  frequency subharmonic of  the  load c u r r e n t  (and vo l t age )  i s  
n e g l i g i b l y  small compared to  the  ampl i tude of  the  fundamental 
frequency component, then  the  ampl i tude of  the a c t i v e  c u r r e n t  
component may be def ined  as a "running average" t h a t  i s  s u b j e c t  to  
change from one per iod  T to  the  nex t .  That  i s ,  the  a c t i v e  load 
c u r r e n t  i s  def ined  as
where the  value  of  T i s  assumed to  be the  per iod  of  the  fundamental 
frequency of  the  power system. As b e fo re ,  the  r e a c t i v e  load c u r r e n t  
i s  given by eqn. ( 2 -8 ) .
As s t a t e d  e a r l i e r ,  t h e  convent ional  approach to  compensation of  
n o n l in ea r  loads  i s  to  employ tuned f i l t e r s  along with  a SVC (or  o the r  
type of  compensator) .  The convent ional  compensator i t s e l f  compensates 
only the  fundamental di sp lacement c u r r e n t  and the  tuned f i l t e r s  a re  
needed to  compensate ( i . e . ,  suppress)  the  harmonic c u r r e n t .
However, because the  average power a s s o c i a t e d  with the  r e a c t i v e  
c u r r e n t  component i s  z e ro ,  a high e f f i c i e n c y  i n v e r t e r  can compensate 
the  r e a c t i v e  load c u r r e n t  with i d e a l l y  zero  power l o s s .  Through an 
a p p ro p r ia t e  con t ro l  s t r a t e g y ,  the  PWM i n v e r t e r  can qu ick ly  and 
a c c u r a t e l y  g ene ra te  the  t o t a l  r e a c t i v e  c u r r e n t ,  inc lud ing  the  harmonic 
d i s t o r t i o n  c u r r e n t .  Thus, the  problems of  the  convent ional  
compensators a re  l a r g e l y  overcome with the  in s tan taneous  e l e c t r o n i c  
compensator.
The block diagram r e p r e s e n t a t i o n  of  the  e l e c t r o n i c  compensator 
f o r  a s in g le -p h a se  load i s  shown in Fig.  2-3.  The d e t e c to r  measures 
the  r e a c t i v e  component o f  the  load c u r r e n t  and passes  i t s  ou tpu t  to  
the  summer, where the  va lues  of  the  compensator c u r r e n t  and the  
r e a c t i v e  load c u r r e n t  a r e  compared. Based on the  d i f f e r e n c e  between 
th e se  two c u r r e n t s ,  the  modulator  s e t s  the  duty cycle  d ( t )  of  the  PWM
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Figure 2-3.  Block diagram o f  s in g le -p h a se  e l e c t r o n i c  compensator
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i n v e r t e r  so t h a t  the  compensator c u r r e n t  i s  very nea r ly  equal to  the 
r e a c t i v e  load c u r r e n t .
Since the  proposed e l e c t r o n i c  compensator can supply the  t o t a l  
r e a c t i v e  load c u r r e n t  (both d isp lacement c u r r e n t  and d i s t o r t i o n  
c u r r e n t ) ,  the  d e t e c t i o n  c i r c u i t  o f  the compensator does not  need to 
d iv ide  or s e p a ra t e  the r e a c t i v e  component of  the load c u r r e n t  in to  two 
or more p a r t s .  This des ign  approach d i f f e r s  s i g n i f i c a n t l y  from t h a t  
used fo r  convent ional  compensators.  For the  same reason ,  the 
c r i t i c i s m s  a g a i n s t  the  time-domain approach to  energy t r ansm iss ion  in 
nons inusoidal  systems [18] ,  v a l i d  fo r  convent ional  compensation 
te chn iques ,  a re  i r r e l e v a n t  in the  case of  the  e l e c t r o n i c  compensator . 
F i n a l l y ,  al though in t h i s  re sea rch  the  load vo l t age  i s  assumed to  be 
s i n u s o i d a l ,  the  p r i n c i p l e  of  the  e l e c t r o n i c  compensator remains v a l id  
f o r  those  cases  where the  supply vo l t age  waveshape d i f f e r s  
s i g n i f i c a n t l y  from a s in u s o id .
2.3 COMPENSATION APPROACHES FOR THREE-PHASE LOADS
Large i n d u s t r i a l  loads  t h a t  r e q u i r e  compensation a re  usua l ly  
th r e e -p h a s e .  The des ign of  the  e l e c t r o n i c  compensator w i l l  depend to  
a l a rg e  e x t e n t  on the  c h a r a c t e r i s t i c s  of  the  th ree -p h as e  load to  be 
compensated. For example, the  e l e c t r o n i c  compensator employing a PWM 
i n v e r t e r  can use a s i n g l e  th ree -p h as e  bridge  i n v e r t e r  i f  the  load i s  
always ba lanced.  I f  the  load i s  unbalanced,  however, then the 
c u r r e n t s  in the  d i f f e r e n t  phases of  the  load may have any a r b i t r a r y  
va lue a t  any i n s t a n t .  Thus, f o r  an unbalanced load,  the  e l e c t r o n i c  
compensator needs th r e e  s in g le -p h a s e  br idge  i n v e r t e r s  so t h a t  each one 
can genera te  a t o t a l l y  independent  compensating c u r r e n t .
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The compensation scheme plays  a v i t a l  r o l e  in the  performance of  
the  e l e c t r o n i c  compensator.  Load f l u c t u a t i o n s ,  n o n l i n e a r i t i e s ,  and 
unbalances must a l l  be cons idered  in the  choice of  the  compensation 
method. Several p o s s ib le  approaches w i l l  now be d i scussed .
2 .3 .1  ‘‘C la s s i c a l "  Approach
This approach i s  desc r ibed  in d e t a i l  by Gyugyi, e t c .  [16] and i s  
a p p ro p r ia t e  f o r  a s t e a d y - s t a t e  (or  "quasi"  s t e a d y - s t a t e )  l i n e a r  load,  
balanced  or unbalanced.  In t h i s  scheme, one assumes t h a t  the  load 
which r e q u i r e s  compensation i s  e q u iv a le n t  to  the  th ree -p h as e  d e l t a -  
connected load rep re sen ted  by admit tances  Y , and Yca as shown
in Fig .  2-4 .  Symmetrical l i n e - t o - l i n e  v o l t ag es  of  p o s i t i v e  phase
sequence a re  app l ied  to  t h i s  load and the  load admit tances  a re  assumed
to  be t i m e - i n v a r i a n t .
The t h r e e  load admit tances  can be compensated s e p a r a t e l y ;  t h a t  i s ,  
they can be considered  as t h r e e  s in g le -p h a se  loa ds .  For example,
Fig.  2-5 shows t h a t  in phase ab the  admittance  Y ^  i s ,  in g e n e ra l ,
Yab '  Gab + J Bab <2- U >
where G ^ i s  the  conductance and i s  the  susceptance  of  the 
admit tance  Y The f i r s t  s t e p  of  the compensation i s  to  connect  an 
oppos i te  suscep tance -B ^ in p a r a l l e l  with Y ^  as shown in Fig. 2-5.
Now the  rea l  admittance  G ^ must be compensated to  ob ta in  a
r e s u l t a n t  balanced load on the  power system. The load becomes 
balanced i f  a c a p a c i t i v e  suscep tance
t b) - Gab/ / 5  (2' 12)
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c
Va be
V,b
Vc
N
Figure 2-4.  General th ree -phase  de l ta -connec ted  load 
r ep re s en ted  by admittances
Y = G , + j B  ab ab J ab
a
Y k = G w ,b ab
Figure 2-5.  Compensation o f  the r e a c t i v e  p a r t ,  Ba b » o f  
admit tance  Y ^ by suscep tance - B ^
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i s  connected between phases b and c ,  and an induc t ive  suscep tance
Bc a > = - |W ' 5  (2 ‘ 13
i s  connected between phases c and a.  (The s u p e r s c r i p t  (ab) i n d i c a t e s  
t h a t  the  suscep tances  a r e  needed to  compensate phase ab ) .  Figure 2-6 
i l l u s t r a t e s  t h i s  s tep  of  the  compensation p rocess .  The s in g le -p h ase  
r ea l  power supp l ied  by th e  power system before compensation i s
and t h i s  i s  equal to  the  th ree -p h as e  rea l  power demand a f t e r  
compensation. Thus, the  compensated load i s  e q u iv a le n t  to  the  
balanced wye-connected load  shown in Fig.  2-6 .  The phasor diagrams in 
Fig.  2-7 show how the  c a p a c i t i v e  and induc t ive  suscep tances  t ransfo rm 
the  s in g le -p h a s e  rea l  load  in to  a balanced th ree -phase  rea l  load.
A s i m i l a r  procedure i s  fol lowed in the  compensation of  the  load 
adm it tances  in phases be and ca.  F i r s t ,  susceptances  B^c and Bca are 
can c e l l e d  by the  a d d i t i o n  of  oppos i te  susceptances  -B^ and "Bc a , 
r e s p e c t i v e l y .  Second, th e  conductances and Gca a re  balanced by 
two p a i r s  of  suscep tances
(2-14)
(2-15)
(2-16)
and
(2-17)
(2 -18 )
V R,aba
V,b
Vc
Van
I  = /3  V G e^ 6a ab
I. = /3  V G e- J5ir/6
b ab
1 = 0c
-G
L ,ca
R,ab
0 I
ab
/3
i
X = V G = V G , a a  ab ab
= Vt  G , = VG ,_e ^ 2l^ 3b b ab ab
I  = V G = VG e- ^ ^ 3 c c ab ab
Figure 2-6. Compensation o f  the  s ing le -phase  real  load ,  G by c a p a c i t i v e  and 
induc t ive  susceptances
ro
L,ca
C.bc
b
C,bc
R,ab
-I .L ,ca
- I ,R,ab
C,bc
Figure 2-7.  Phasor diagrams showing the  r e l a t i o n s h i p s  between the  s ing le -phase  load  c u r r e n t ,  I D . ,K)dD
the  compensating c u r r e n t s ,  I r  . , I. . and the  r e s u l t a n t  balanced l i n e  c u r r e n t s ,  I ,
L $ DC L ) C a  3i
Ib ’ I c* fo r  the  networ*< ln  ^ 9 *  2-6
roro
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r e s p e c t i v e l y .  The compensation of  phases Y. and Y i s  shown in
OC Cel
Figs .  2-8 and 2-9 ,  r e s p e c t i v e l y .
Complete compensation of  the  th ree -phase  load i s  now obta ined  by 
the  a d d i t io n  of  a l l  the  compensating suscep tances  in each phase.
Figure 2-10 i l l u s t r a t e s  t h i s  f i n a l  s t e p .  The r e s u l t a n t  compensating 
suscep tances  B B ^ ,  and Bca are  the sums of  the  suscep tances  t h a t  
compensate the  ind iv idua l  phases ,  where
Bi b ’= ' Bab + Bi b C)+Bi b a ) ' - Bab + <Gc a -Gb c > ^  (2' 19a»
Bbc>= ' Bbc + Bbca>+Bbcb)=- Bbc + <Gab-Gca>/yB <2' 19b>
Bc a ’= - Bca + Bcab ’+BcaC) = - BCa + <Gbc-Gab>/ ' 9
and s u p e r s c r i p t  (c)  i n d i c a t e s  "compensating".
The compensating suscep tances  given in eqn. (2-19) t ransform any 
l i n e a r ,  unbalanced load in t o  a balanced rea l  load.  The conductance of  
each phase of  the  e q u i v a l e n t  d e l ta -co n n ec ted  load i s
Geq = <Gab + Gbc + Gca> '  3 ( 2' 2°)
I f  the  load i s  a fu n c t io n  of  t ime ,  then the  compensation must l ikew ise  
vary in t ime to  r e s t o r e  th e  ba lance .  I f  the  r a t e  of  change of  the 
load admittance i s  s u f f i c i e n t l y  below the  frequency of  the  power 
system, then the  load can be rep re sen ted  as a "s teady  s t a t e "  
admit tance  a t  d i s c r e t e  t ime i n s t a n t s .
For a ' p r a c t i c a l  con t ro l  system, the  equa t ions  d e s c r ib in g  the 
compensation admit tances  should be transformed in t o  a form t h a t  i s
be
-jsbe
Va
V,b
Vc
N
Figure 2-8. Compensation of  the single-phase load,  Ybc
-Gca
ca
ca
Va
V,b
V
°— L
c
N
Figure 2-9. Compensation of  the single-phase load, Y„,
Ca
be be
be
i
ca ca
ca
i
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-Jf
(ab)
(c)
be
G G,beca
>(bC>a -B / T
= - Bbe +
G • -  G ab ca
S T
= “b + ca ca
G. -  G .be ab
/ r
a
b
G =  G , +  Gl +  G ab be ca
eq
a
eq
b
eq
Geq 3
Figure 2-10.  Compensation o f  unbalanced th re e -p h a s e  complex 
load to  r e s u l t a n t  th ree -p h as e  balanced real  load
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d i r e c t l y  measurable .  Gyugyi, e t c .  [16] g ive  severa l  s e t s  of  
compensation equa t ions  in terms of  load c u r r e n t  and power q u a n t i t i e s  
t h a t  can be e a s i l y  implemented in p r a c t i c e .  One such s e t  i s  as 
fo l low s :
B a h ( A  y  = (R/3X -  l / * , i b
v. > 0 
Dc - (R/3X + 1 /& )1 .
dvbc/d t=0
vc l  0 
dvca/d t=0
(2-21a)
Bbc ( ^  Vp ) = (R/3X -  1 / A ) 1 C
vra  0 Ca -  (R/3X + 1 / /T ) i .
dvca/d t=0
vab 0 
dvab/d t=0
(2-21b)
Bc a ( ^  V  = (R/3X " 1/ y 3) j a
v_£ 0
30 -  (R/3X + l/>/3)i
dvab/d t=0 dvbc/d t=0
(2-21c)
where
V
R =
peak value of  the  load vo l tage  
r ea l  p a r t  of  th e  supply impedance 
imaginary p a r t  o f  the  supply impedance
vbc 0and the  express ion  i. , f o r  example, means to  sample the
b d W d t - O
c u r r e n t  i^  a t  the  p o s i t i v e  peak of  the  vo l t age  v ^ .
Thus, f o r  a l i n e a r  load t h a t  i s  t i m e - i n v a r i a n t  or  s lowly changing 
with t ime ,  t h i s  approach i s  well s u i t e d  fo r  c o n t r o l l i n g  the  r e a c t iv e  
elements  ( e i t h e r  a c t i v e  or  pas s ive )  of  a compensator such t h a t  the 
power system "sees"  an e f f e c t i v e  load t h a t  i s  balanced and r e a l .  
However, i f  t h e  load f l u c t u a t e s  a t  a r a t e  comparable to  the  supply 
l i n e  frequency or  i f  the  load  draws s i g n i f i c a n t  harmonic c u r r e n t s ,  
then t h i s  approach i s  n o t  a p p l i c a b l e .
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2 . 3 .2  " Ins tan taneous"  Approach
A second approach to  compensation of  th ree -phase  loads i s  
p resen ted  in d e t a i l  by Akagi , e t c .  [19] in which a new term, 
in s ta n tan eo u s  imaginary power, i s  de f ined .  The in s tan taneous  
imaginary power, q,  i s  given by
q = e i .  -  eQ ia 3 3 a ( 2- 22 )
where the  th ree -p h as e  load v o l t ag es  and c u r r e n t s  have been transformed 
in to  a ,  3 q u a n t i t i e s  as  fo l lows:
^ 'a
7 1
1 - 1 / 2 - 1 / 2
- 3 -
V J 0 ✓3/2 - / 3 / 2
1 ct / 2 "1 - 1 / 2 -1/2T
J 8 -
" /  3 0 / 3 / 2 - /3 /2 _
(2-23)
(2-24)
Thus, one can w r i t e  the  fo l lowing equa t ion ,
P‘ _ " ea 8 3 "i a
_q_ - e 3
ea J - 3 -
(2-25)
where the  ( th ree -p h ase )  in s tan taneous  power, p, i s  a l so  def ined  in 
terms of  the  eq u iv a le n t  a ,  3 q u a n t i t i e s .
Since the  inve rse  o f  the  c o e f f i c i e n t  matr ix  e x i s t s ,  eqn. (2-25) 
can be w r i t t e n  as
(2 -26 )
m 6 e Q
-1 P‘a a 3
4 - ~e o e^ 3  Or s i
The c u r r e n t s  i a and ig can now be d iv ided  in to  the  fo l lowing 
components:
r-% ^
a “ ea 6 3*
- 1
~P
+
" ea 6 3*
- 1 o'
- 3 - - e 3
eaJ _0 -"e 3 ea J _q.
ap
- V
aq
L-1eqJ
where
a-axis  instantaneous active current: i = —5 * .  p
“P e2 + e2a p
a - a x i s  in s ta n taneous  r e a c t i v e  c u r r e n t :  i
-e .
3 - a x i s  in s ta n taneous  a c t i v e  c u r r e n t :  i
BP V  + e2 P
a 3
3 - a x i s  in s ta n taneous  r e a c t i v e  c u r r e n t :  i
6q q Z  +  e Ra 3
(2-27)
(2-28) 
q (2-29) 
(2-30) 
q (2-31)
The in s tan taneous  r e a c t i v e  compensator as  proposed by Akagi, e t c .  
compensates the  a , 3 r e a c t i v e  c u r r e n t s  expressed  by eqns (2-29) and 
(2 -31) .  Hence, the  power system s u p p l ie s  the  a , 3 a c t iv e  c u r r e n t s  
given by eqns.  (2-28) and (2 -30) ;  i . e . ,  the  power system s u p p l i e s  the  
fo l lowing  l i n e  c u r r e n t s  (a t h r e e -w i r e  load i s  assumed):
For a s t e a d y - s t a t e  balanced load,  l i n e a r  or  n o n l in e a r ,  p i s  a 
co n s ta n t  and one sees  t h a t  the  r e s u l t a n t  l i n e  c u r r e n t s  a re  balanced 
and r e a l .  In a d d i t i o n ,  because the  sum of  the  in s tan taneous  r e a c t i v e  
powers i s  always ze ro  f o r  a balanced load,  a r e a c t i v e  power 
compensator c o n s i s t i n g  of  switch ing dev ices  with p r a c t i c a l l y  no energy 
s to r a g e  components can be r e a l i z e d .  However, i f  the  load i s  no t  
balanced ,  then the  th re e -p h a s e  in s tan taneous  power i s  not  cons tan t  
(and the  sum of  the  in s ta n taneous  r e a c t iv e  powers i s  not  zero)  and the  
r e s u l t i n g  l i n e  c u r r e n t s  w i l l  con ta in  harmonic components in a d d i t io n  
to  the  fundamental component. There fore ,  t h i s  p a r t i c u l a r  approach to  
compensation i s  a poor cho ice fo r  unbalanced loads .
2 .3 .3  “ Independent" Approach
The c l a s s i c a l  and in s ta n tan eo u s  compensation approaches are 
poor ly  s u i t e d  f o r  loads which a re  both non l inea r  and unbalanced.  A 
sugges ted a l t e r n a t i v e  to  those  two compensation schemes i s  the 
"independent" approach.  In t h i s  scheme, each phase of  the  load i s  
assumed to  be independent  of  the  o the r  two phases .  The bas ic  
p r i n c i p l e  of  the  independent  compensation method i s  t h a t  the  
in s tan taneous  r e a c t i v e  load c u r r e n t  of  each phase i s  measured and the  
compensator i s  c o n t ro l l e d  such t h a t  i t  s u p p l i e s  each of  the  measured 
c u r r e n t s .  In i t s  s im p le s t  form, t h i s  approach makes no a t tem pt  to
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balance  the  load.  However, the  t o t a l  r e a c t i v e  load c u r r e n t ,  inc lud ing  
the  harmonic d i s t o r t i o n  c u r r e n t ,  i s  compensated in each phase.  The 
u t i l i t y  s u p p l i e s  l i n e  c u r r e n t s  in phase with t h e i r  r e s p e c t iv e  l i n e - t o -  
n e u t ra l  v o l t a g e s  ( i . e . ,  t h e  u t i l i t y  s u p p l i e s  the  a c t i v e  load c u r r e n t ) ,  
al though the  magnitudes o f  the  t h r e e  l i n e  c u r r e n t s  w i l l  be unequal 
un le ss  the  a c t i v e  load c u r r e n t s  have the same magnitude in each phase.
I f  the  t h r e e  a c t i v e  load c u r r e n t s  do have unequal ampli tudes ,  
then t h i s  approach can be f u r t h e r  r e f in e d  so t h a t  the  problem of 
unbalanced l i n e  c u r r e n t s  i s  l a r g e l y  overcome. In t h i s  case ,  the  
compensator i s  c o n t ro l l e d  so t h a t  i t  s u p p l i e s  both a c t i v e  and r e a c t i v e  
load c u r r e n t .  The ampli tude of  the  a c t iv e  load c u r r e n t  d e l iv e r e d  by 
each phase of  the  compensator i s  given by the  fo l lowing equa t ions :
where I , I h_, and I a re  the  ampli tudes  of  the  a c t i v e  c u r r e n t s
clC DC CC
supp l ied  by the  a ,  b, and c phases ,  r e s p e c t i v e l y ,  of  the  compensator 
and I , I. , and I a re  the  corresponding ampl i tudes  of  the  a c t i v e  load
3 D  C
c u r r e n t s .  (Hence, the  term "independent" approach i s  somewhat a 
misnomer i f  load ba lancing  i s  a l s o  c o n s id e re d . )  The u t i l i t y  w il l  
d e l i v e r  balanced l i n e  c u r r e n t s ,  each having the  amplitude I given
As an example,  suppose th e  ampli tudes  of  the  a c t i v e  c u r r e n t s  of  an
! ac = ( 2 / 3 ) Ia -  ( 1 / 3 ) I b -  ( 1 / 3 ) I c (2-36)
I bc = -  ( 1/ 3 ) I a + ( 2/ 3 ) I b " ( 1/ 3 ) I c (2-37)
I cc = * ( 1/ 3 ) I a -  ( 1/ 3 ) I b + ( 2/ 3 ) I c (2-38)
by
(2-39)
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unbalanced load over a s p e c i f i c  per iod  are  known to  be as fo l lows:
I = 9 A
a
I b = i °  A 
I c = 11 A
Then I = 10 A and«vy
I  = 9 - 10 = -1 A ac
I b = 10 - 10 = 0 A
I = 11 -  10 = 1 Acc
where the  nega t ive  s ign on I implies  t h a t  phase a of  the  compensator
aC
must a c t  as  a load r a t h e r  than a source .
For load ba lanc ing ,  the  average power of  each phase of  the  
e l e c t r o n i c  compensator i s  no t  z e ro ,  in g e n e ra l .  However, the  sum of 
the  t h r e e  in s tan taneous  powers of  the  compensator has zero  average 
va lue .  There fore ,  an independent  energy source  or  an energy s to rage  
element ( i . e . ,  a c a p a c i t o r  or  an induc to r )  may be used as the  "source" 
f o r  the  compensator [19] .  An independent  energy source i s  r equ i re d ,  
of  course ,  i f  the  compensator i s  to  d e l i v e r  average power to  a l l  t h ree  
phases s im ul taneously .  This s u b je c t  w i l l  be d i scu ssed  more f u l l y  in 
the  chap te r  concerned with  the  des ign of  the  PWM i n v e r t e r .
There are  va r ious  methods t h a t  can be used to  measure or 
c a l c u l a t e  the  in s ta n taneous  a c t i v e  and r e a c t i v e  c u r r e n t s  def ined  by 
eqns.  (2-10) and (2 -8 ) ,  r e s p e c t i v e l y .  In Chapter  3,  severa l  p o ss ib le  
schemes a re  analyzed,  with  p a r t i c u l a r  emphasis on the  performance of 
the  schemes in c a l c u l a t i n g  the  in s ta n tan eo u s  r e a c t i v e  c u r r e n t  drawn by 
an a rc  fu rnace  [20] .  I f  the  load tends  to  change r a p i d l y ,  then the
32
d e t e c t i o n  time req u i re d  to  s e p a ra t e  the  a c t i v e  and r e a c t i v e  c u r r e n t  
components p la ce s  an u l t im a te  l i m i t  on the  accuracy o f  the 
compensation.
CHAPTER 3
DETECTION OF ACTIVE AND REACTIVE CURRENT 
COMPONENTS FOR AN ARC FURNACE
3.1 INTRODUCTION
A fundamental problem in the  compensation of  a t im e-vary ing  load 
i s  the  s e p a ra t io n  of  the  a c t i v e  and r e a c t i v e  c u r r e n t  components 
q u ick ly  and a c c u r a t e l y .  Chapter  3 s t u d i e s  t h i s  problem, where an arc 
fu rnace  load has been s p e c i f i c a l l y  chosen as the  compensated load 
because of  i t s  tendency to  change suddenly and e r r a t i c a l l y .  Voltage 
and c u r r e n t  waveforms of  an a rc  fu rnace  during the  m elt ing  of  scrap  
metal have been photographed in o rde r  to  determine  what assumptions ,  
i f  any,  could be made concerning the  fu rnace  c h a r a c t e r i s t i c s .  These 
waveforms were observed on an a rc  fu rnace  owned and opera ted  by the  
Bayou Stee l  Corporat ion lo c a te d  in Laplace,  Louisiana.
The fu rnace  waveforms a re  modelled on a d i g i t a l  computer so t h a t  
severa l  suggested  d e t e c t i o n  methods f o r  s e p a ra t in g  the  a c t i v e  and 
r e a c t i v e  c u r r e n t  components may be s im ula ted .  The fu rnace  
osc i l log ram s  a re  used in con junc t ion  with p r ev ious ly  pub li shed  fu rnace  
da ta  to  model the  fu rnace  waveforms a c c u r a t e l y .  To ev a lu a te  and 
compare the  var ious  d e t e c t i o n  schemes, a performance measure i s  
de f ined  t h a t  weights  the  accuracy of  each d e t e c t i o n  method a g a i n s t  i t s  
response  t ime.
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3.2  ARC FURNACE DATA
The arc  fu rnace  i s  a t im e-va ry ing ,  n o n l in e a r ,  unbalanced load,  
p a r t i c u l a r l y  during the  e a r l y  s tage  of  a melt  [ 6 ] .  As shown in Fig.  
3 -1 ,  the  a rc  i t s e l f  i s  c h a r a c t e r i z e d  by a h igh ly  non l inea r  
r e l a t i o n s h i p  between a r e l a t i v e l y  low arc  vo l t age  and a high arc  
c u r r e n t  [21] .  The arc  s t a b i l i t y  i s  a func t ion  of  many v a r i a b l e s ,  such 
as the  leng th  of  the  a r c ,  the  composit ion of  the  sc rap  charge ,  and the 
s e l e c t e d  vo l t age  t a p .  The leakage r eac tance  of  the  a rc  furnace  
tr ans fo rm er  i n c re a s e s  the  a rc  s t a b i l i t y  and he lps  to  l i m i t  the  arc  
c u r r e n t  dur ing s h o r t - c i r c u i t  c o n d i t io n s ,  such as the  i n i t i a l  s t r i k i n g  
o f  the a r c .
A s i m p l i f i e d  o n e - l i n e  diagram of the  a rc  fu rnace  d i s t r i b u t i o n  
system a t  the  Bayou Stee l  p l a n t  i s  shown in Fig.  3-2.  Each fu rnace  
has a c ap a c i ty  of  approx imate ly  90 to n s ,  a s h e l l  d iameter  of  21 f e e t ,  
and an e l e c t r o d e  diameter  of  20 inches .  The fu rnaces  a re  t i e d  to  the 
33-kV bus by id e n t i c a l  60-MVA furnace  t r a n s fo rm e r s .  The primary of  
each fu rnace  t rans fo rm er  i s  d e l t a  connected and has 24 ta p  s e t t i n g s .  
The no- load  vo l t age  of  the  wye-connected secondary v a r i e s  from 240 
v o l t s  to  728 v o l t s ,  depending upon the  ta p  s e l e c t i o n .  A bank of  
f i l t e r  c a p a c i t o r s  i s  connected from the  33-kV bus to  ground f o r  power- 
f a c t o r  c o r r e c t io n  of  each fu rnace .
Oscil lograms of  vo l t a g e  and c u r r e n t  waveforms from one fu rnace  a t  
the  Bayou Stee l  p l a n t  a re  shown in Fig.  3-3.  The top waveform in each 
o sc i l log ram  i s  the  primary 1i n e - t o - n e u t r a l  vo l t age  (33-kV bus to  
n e u t r a l )  of  one phase of  the  arc  fu rnace .  The bottom waveform i s  the 
corresponding primary l i n e  c u r r e n t  of  the  fu rnace .  The vo l tage  and 
c u r r e n t  q u a n t i t i e s  were ob ta ined  from the  system ins trument
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Figure 3-1.  Typical  a r c -v o l t a g e  versus  a r c - c u r r e n t  
curves as a func t ion  o f  a rc  leng th
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Figure 3-2.  Arc fu rnace  d i s t r i b u t i o n  system a t  Bayou Steel 
p la n t
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Figure 3 -3 (a ) . Typical l i n e - t o - n e u t r a l  vo l tage  and l i n e  
c u r r e n t  waveforms o f  an a rc  fu rnace  
approximate ly one minute in to  melt  
(20 kV/'div, 1300 A/d iv ,  10 ms/div)
Figure 3 -3 (b ) .  Typical l i n e - t o - n e u t r a l  vo l tage  and l i n e  
c u r r e n t  waveforms o f  an arc  furnace  
approximate ly f i v e  minutes in to  melt  
(20 kV/div,  1300 A/d iv ,  10 ms/div)
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Figure 3 - 3 ( c ) .  Typical  l i n e - t o - n e u t r a l  vo l t a g e  and l i n e  
c u r r e n t  waveforms o f  an arc furnace 
approximate ly  f o r t y - f i v e  minutes in to  
melt  ( r e f i n i n g  period)
(20 kV/div,  1300 A/d iv ,  10 ms/div)
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t r a n s fo rm e r s .  Although t h e i r  accuracy i s  not  d e f i n i t e l y  known fo r  
f r e q u e n c i e s  o th e r  than 60 Hz, exper ience  has i n d i c a t e d  no de t r imenta l  
e f f e c t s  on r e s u l t s  ob ta ined  through ins trum ent t r an s fo rm e rs  [ 2 2 ] ,
[23] .
The osc i l log ram s  show t h a t  the  waveshape o f  the  bus vo l tage  
remains approx imate ly  s in u s o id a l  dur ing the  e a r l y  and mid s t a g e s  of  
t h e  m elt .  The " r ing ing"  seen in the  v o l t age  waveform i s  evidence of  a 
high frequency resonance in the  system caused by the  combination of  
the  a rc  fu rnace  and the  f i l t e r  c a p a c i t o r .  The low-order  harmonics a re  
r e l a t i v e l y  low l e v e l .  Furthermore,  the  v o l t age  waveform dur ing  the 
r e f i n i n g  per iod  o f  the  melt  i s  e s s e n t i a l l y  s i n u s o i d a l .
The a rc  fu rnace  c u r r e n t ,  however, i s  q u i t e  d i s t o r t e d  in the  e a r l y  
and mid s t a g e s  of  the  m e l t .  One a l s o  can see t h a t  th e  c u r r e n t  
waveform may f l u c t u a t e  s i g n i f i c a n t l y  from one cyc le  to  the  next .
These f l u c t u a t i o n s  of  th e  a r c  fu rnace  c u r r e n t  vary  in a s t o c h a s t i c  
manner [ 6 ] .  As the  melt  p ro g re s s e s ,  the  fu rnace  c u r r e n t  becomes more 
s teady  and l e s s  d i s t o r t e d  u n t i l  i t  i s  p r a c t i c a l l y  s in u s o id a l  in the  
r e f i n i n g  pe r iod .
Spect ra l  a n a l y s i s  o f  the  d i s t o r t e d  fu rnace  c u r r e n t  r e s u l t s  in a 
continuous  l i n e  spectrum, r a t h e r  than a d i s c r e t e  l i n e  spectrum as one 
would have i f  the  d i s t o r t i o n  c u r r e n t  c o n s i s t e d  only of  i n t e g r a l - o r d e r  
harmonic components. However, the  energy con ta ined  in the in t e g r a l  
m u l t i p l e s  of  the  fundamental frequency ( t y p i c a l l y  the  second,  t h i r d ,  
f o u r t h ,  f i f t h ,  and seven th)  account  f o r  most of  the  t o t a l  energy of 
the  harmonic d i s t o r t i o n  c u r r e n t  [ 7 ] ,  Conventional p r a c t i c e  i s  to  use 
f i l t e r s  tuned to  th e se  low-order harmonics to  suppress  the d i s t o r t i o n  
p roduc ts .
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3.3  COMPUTER MODELLING OF ARC FURNACE WAVEFORMS
The a rc  fu rnace  v o l t age  waveform i s  assumed, based on the  fu rnace
osc i l lo g ram s ,  to  be s in u s o id a l  a t  a l l  t imes .  A F our ie r  s e r i e s
r e p r e s e n t a t io n  i s  used f o r  the a rc  fu rnace  c u r r e n t
0 0  CO
i |  ( t )  = I  a n s i n  n u t  +  I  b „ c o s  (3-1)
n=l n n= 0  n
where the  Four ie r  c o e f f i c i e n t s  may change randomly every per iod  T
(T=l/60 s ) .  The Four ie r  s e r i e s  c o e f f i c i e n t s  were s e l e c t e d  as a
func t ion  of:
( 1 ) the  harmonic co n te n t  in the  c u r r e n t  as  repo r te d  by o the r  
r e s e a r c h e r s  [22 ] ,  [24]
(2) the  p r o b a b i l i t y  d i s t r i b u t i o n s  of  the  c u r r e n t  harmonics [25]
(3) the  p ropor t ion  of  the  r e a c t i v e  power f l u c t u a t i o n s  to  the  
a c t i v e  power f l u c t u a t i o n s  [4]
(4) the  measured c u r r e n t  da ta  from the  fu rnace  a t  the  Bayou
Stee l  p l a n t
Several d i f f e r e n t  s e t s  of  Four ie r  c o e f f i c i e n t s  were t e s t e d .  The 
furnace  v o l t age  and c u r r e n t  equa t ions  p r i n c i p a l l y  used in the 
s im u la t ions  a re  given in Appendix A. Table 3-1 l i s t s  the  mean value 
of each modelled c u r r e n t  component as  a percentage of  the  mean 
fundamental c u r r e n t .  These va lues  a re  f o r  a sample of  the  modelled 
furnace  c u r r e n t  c o n s i s t i n g  of  480 cyc le s  ( i . e . ,  the  sample c u r r e n t  has 
a time d u ra t io n  of  8  seconds) .  The mean value of  the  o f f s e t  component 
repo r ted  in the  t a b l e  r e f e r s  to  the  average magnitude of  the Four ie r  
c o e f f i c i e n t  bQ. The mean va lue of  the  a lg e b r a i c  sum of the  bQ terms 
i s  approximate ly 3 pe rc e n t  over the  8 -second sample and t h i s  number i s  
r e l a t i v e l y  near the  t h e o r e t i c a l  mean va lue of  zero  p e rce n t .  Since i t
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Table 3-1
Mean Values of  Current  Components as a Percentage 
of  th e  Mean Fundamental Current
O f f s e t  component 16.5 percen t
Second harmonic 5.7 percen t
Thi rd  harmonic 6 . 8  pe rcen t
Fourth harmonic 2 . 6  pe rcen t
F i f t h  harmonic 5.8 percen t
S ix th  harmonic 1 . 1  pe rcen t
Seventh harmonic 3 .2  percen t
Ninth harmonic 1 . 1  pe rcen t
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r e f l e c t s  the  d i f f e r e n c e  between the  magnitudes of  the  p o s i t i v e  and 
nega t ive  peak va lues  of  each cycle of  the  modelled furnace  c u r r e n t ,  bg 
i s  r e f e r r e d  to  as the  o f f s e t  term. The o f f s e t  apparen t  in the ac tual  
a r c  fu rnace  c u r r e n t  i s  caused by the  cumulat ive e f f e c t  of  
subharmonics. For s i m p l i c i t y  of  mode ll ing,  the  e f f e c t  of  the 
subharmonics has been inco rpo ra ted  by the  bQ c o e f f i c i e n t .
The histograms in Fig .  3-4 ,  p a r t s  (a)  through ( c ) ,  i l l u s t r a t e  the 
p r o b a b i l i t y  d e n s i ty  fu n c t io n  (PDF) c h a r a c t e r i s t i c s  f o r  the 
fundamental ,  t h i r d  harmonic,  and f i f t h  harmonic magnitudes as examples 
o f  the  computer genera ted  c u r r e n t .  The d i s t r i b u t i o n  of  the  phase-  
ang le  d isp lacement between the  fundamental c u r r e n t  and the  vo l t age  i s  
shown by Fig.  3 -4 (d ) .  Each of  the  h istograms r e p r e s e n t  the  480-cycle  
sample used in the  d e t e c t i o n  s im u la t io n s .  The histograms c l e a r l y  show 
t h a t  the  PDF's a re  approaching a Gaussian d e n s i t y  fu n c t io n .
The p l o t  of  a t y p i c a l  10-cycle sample of  the  computer modelled 
fu rnace  c u r r e n t  i s  shown in Fig. 3-5 .  This  c u r r e n t  has a randomness 
and harmonic con ten t  t h a t  resembles the  c u r r e n t  of  an a rc  furnace  
dur ing  the  e a r l y  s t a g e s  o f  a m e l t .  Figure 3-6 shows the  v a r i a t i o n  of  
the  t o t a l  rms c u r r e n t  over the  8 -second i n t e r v a l .
3 .4  SIMULATION RESULTS OF FOUR DETECTION METHODS
A performance measure t h a t  weights  the  accuracy of  a given 
d e t e c t i o n  method a g a i n s t  i t s  response  time must be def ined  so t h a t  the 
v a r ious  d e t e c t i o n  schemes can be compared. The c r i t e r i o n  used to  
measure the  performance o f  each of  the  d e t e c t i o n  methods i s  the  mean 
square e r r o r  between the  t r u e  r e a c t i v e  c u r r e n t  ( i . e . ,  the  r e a c t i v e  
c u r r e n t  modelled by the  computer) ,  i , and the  c a l c u l a t e d  ( i . e . ,
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Figure 3-4.  P r o b a b i l i t y  d e n s i ty  func t ion  c h a r a c t e r i s t i c s  fo r  
computer modelled fu rnace  c u r r e n t
(a)  fundamental magnitude
(b) t h i r d  harmonic magnitude
(c)  f i f t h  harmonic magnitude
(d) vol tage/ fundamenta l  c u r r e n t  phase-angle 
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'Vd e te c te d  or  measured) r e a c t i v e  c u r r e n t ,  i ,
mT
[ i r ( t )  - i r ( t ) ] 2d t (3-2)
0
where E i s  c a l c u l a t e d  over m cyc les  of  the  fu rnace  c u r r e n t .  (Per u n i t
of  m w i l l  y i e l d  mis leading  va lues  of  E, whereas high va lues  of  m wil l  
r e q u i r e  l a rg e  amounts of  computer t ime.  The va lue of  m has been f ixed  
a t  480 f o r  the  s im u la t i o n s .  This number denotes a c u r r e n t  d u ra t io n  of  
8  seconds and i s  a good compromise between accuracy and computer t ime.
The d e t e c t i o n  methods were simulated  on a d i g i t a l  computer.  The 
v a r io u s  numerical i n t e g r a t i o n s  necessary  in the  s im u la t io n s  were 
performed by an IMSL l i b r a r y  sub rou t ine  (DVERK) based on Runga-Kutta 
formulas  of  o rd e r s  5 and 6 . The maximum i n t e g r a t i o n  s t e p  s i z e  used in 
th e  s im u la t i o n s  was 2  d eg rees ,  i . e . ,  180 s t e p s  per  cycle of  v o l t age .
3 . 4 .1  Half -Cycle  I n t e g r a t i o n  Method
The h a l f - c y c l e  i n t e g r a t i o n  d e t e c t i o n  method [13] i s  shown in 
Fig .  3-7 ,  where i ^ ( t )  and v ^ ( t )  r e p r e s e n t  the  fu rnace  c u r r e n t  and 
fu rnace  v o l t a g e ,  r e s p e c t i v e l y .  In t h i s  method, the  i n t e g r a t i o n  of the 
p roduc t  of  the  fu rnace  c u r r e n t  and vo l t age  i s  over a h a l f  cyc le .  The 
i n t e g r a t i o n  begins a t  a ze ro  c ro s s in g  of  the  fu rnace  vo l tage  and ends 
a t  the  next  zero  c ro s s in g .  When the  i n t e g r a t i o n  i s  completed,  the 
ou tp u t  of  the  i n t e g r a t o r  i s  r ece ived  by the  sample-hold c i r c u i t .  The 
i n t e g r a t o r  ou tpu t  i s  then r e s e t  to  zero  and a new i n t e g r a t i o n  begins.  
The ou tpu t  of  the  sample-hold c i r c u i t  i s  given by
'V,
va lues  of  i and 1 a re  used so t h a t  E i s  d im e n s io n !e s s . ) Low va lues
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vL ( t ) = Vm sin jjt
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Figure 3-7.  I n t e g r a t i o n  d e t e c t i o n  method block diagram
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I f  the  even harmonics and the  o f f s e t  term of the  c u r r e n t  a re  smal l ,  
then
where a^ i s  the  Four ie r  c o e f f i c i e n t  of  the  fu rnace  a c t iv e  c u r r e n t  
component. The ou tpu t  o f  the  sample-hold c i r c u i t  i s  m u l t i p l i e d  by 
(2/Vm) s in  tot to  ob ta in  the  c a l c u l a t e d  a c t i v e  c u r r e n t  component, 
i ( t ) .  F i n a l l y ,  i _ ( t ) i s  s u b t r a c t e d  from i , ( t )  to  produce i ( t ) .
a a L r
Since the  c u r r e n t  drawn by most p r a c t i c a l  loads  con ta ins  odd 
harmonics only ,  the  h a l f - c y c l e  i n t e g r a t i o n  method g ives  accep tab le  
r e s u l t s  f o r  many a p p l i c a t i o n s .  The a rc  fu rnace  c u r r e n t ,  however, 
con ta in s  s i g n i f i c a n t  even harmonic and o f f s e t  components. This 
c h a r a c t e r i s t i c ,  along with  the  randomly changing na tu re  of  the 
c u r r e n t ,  of  course ,  im pair s  the  performance of  the  h a l f - c y c l e  
in t e g r a t i o n  scheme. Over the  8 -second sample of  modelled furnace  
c u r r e n t ,  the  mean square e r r o r  of  t h i s  d e t e c t i o n  method i s  
approximate ly  7 .8  p e rce n t .
3 . 4 .2  Full -Cyc le  I n t e g r a t i o n  Method
In t h i s  d e t e c t i o n  method, the  i n t e g r a t i o n  per iod  i s  extended to  
one f u l l  cyc le  of  the  fu rnace  vo l t a g e .  There fore ,  the  ou tpu t  of  the 
sample-hold c i r c u i t  i s  given by
s ( t )  -  (Vm/2 )  a x (3-4)
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dt
= (Vm/ 2 )  a x (3-5)
Hence, the  ou tpu t  of  the  sample-hold c i r c u i t  i s  updated every cycle  of  
the  fu rnace  vo l t age  r a t h e r  than every h a l f  cyc le .
Unlike the  h a l f - c y c l e  i n t e g r a t i o n  method, the  performance of  the 
f u l l - c y c l e  i n t e g r a t i o n  scheme i s  determined s o l e l y  by the  randomness 
of  the  a c t iv e  component o f  the  fu rnace  c u r r e n t .  The f u l l - c y c l e  
i n t e g r a t i o n  method i s  not  a f f e c t e d  by the  r e a c t i v e  c u r r e n t  
c h a r a c t e r i s t i c s  of  the  load .  Although the  f u l l - c y c l e  i n t e g r a t i o n  
scheme responds only h a l f  as  f a s t  as  the  h a l f - c y c l e  scheme (one f u l l  
cyc le  of  l i n e  vo l t age  versus  one h a l f  a c y c l e ) ,  t h e  accuracy of  the  
f u l l - c y c l e  i n t e g r a t i o n  method tends  to  o f f s e t  i t s  slow response t ime.  
For the  i d e n t i c a l  c u r r e n t  used in the  s im ula t ion  of  the  h a l f - c y c l e  
i n t e g r a t i o n  method, the  mean square e r r o r  f o r  the  f u l l - c y c l e  
i n t e g r a t i o n  method i s  2 .5  pe rcen t .
3 . 4 .3  Synchronous Detec t ion  Method
A d e t e c t i o n  scheme t h a t  resembles the  i n t e g r a t i o n  method i s  known 
as synchronous d e t e c t i o n ,  or  coherent  d e t e c t i o n ,  in communication 
systems [26] .  The synchronous d e t e c t i o n  techn ique ,  s l i g h t l y  modified 
from i t s  usual form, i s  shown in Fig.  3-8 .  The fu n c t io n s  performed by 
the  i n t e g r a t o r  and the  sample-hold c i r c u i t  a re  now accomplished by the
49
L o w -p a s s  
f ilter
Figure 3-8.  Synchronous d e t e c t i o n  method block diagram
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low-pass f i l t e r .  The inpu t  to  the  f i l t e r  i s  
u ( t )  = vL( t ) i L( t )
s in  totm I  a s i n  nut  + Y b cos n=l n n= 0  n
nut
2
= a,  \/ s in  u t  + a„ V s in  u t  s in  2o>t + . . .  + bnV s in  tot l  m 2 m 0 m
+ b. Vm s in  u t  cos tot + b0  V„ s in  tot cos 2<ot + . . .
1  m 2  m
= ( a 1  Vm/ 2) (1-cos  2ut)  + (a 2  Vm/2 )  (cos u t - c o s  3ut)
+ bQ Vm s in  u t  + (b1  Vm/ 2 ) s in  2 u t
-  (b2  vm/2 )  ( s i n  u t - s i n  3ut)  + h ( t )  (3-6)
where h ( t )  i s  an i n f i n i t e  sum c o n s i s t i n g  of  s ine  and cos ine terms a t  
2u or  h ighe r .  In the  idea l  low-pass f i l t e r ,  a l l  the  terms a t  u are 
complete ly  a t t e n u a t e d .  Thus, the  ou tpu t  of  the  f i l t e r  i s  simply
a i Vm/2 -l  m
The accuracy o f  the synchronous d e t e c t i o n  method i s  c h i e f l y  
determined by the  a t t e n u a t i o n  c h a r a c t e r i s t i c s  of  a p r a c t i c a l  low-pass 
f i l t e r .  The response time of  the  scheme i s  l ikew ise  c l o s e l y  l inked  to 
the  f i l t e r  c h a r a c t e r i s t i c s .  Large a t t e n u a t io n  produces l a rg e  time 
d e lay .  In des igning  the  low-pass f i l t e r ,  one must balance the
c o n f l i c t i n g  requirements  of  high accuracy and small time delay.
To i n v e s t i g a t e  the  synchronous d e t e c t i o n  scheme, a two-pole 
f i l t e r  having a Gaussian response  shape [27] has been designed.  The 3 
dB c u t o f f  frequency of  the  f i l t e r  i s  s e t  a t  30 Hz. The a t t e n u a t io n  of  
the  f i l t e r  a t  60 Hz and 120 Hz i s  approximate ly 10 dB and 20 dB, 
r e s p e c t i v e l y .  The p h a s e - s h i f t  c h a r a c t e r i s t i c  of  the  Gaussian f i l t e r  
i s  almost  l i n e a r .  For example, the  time delay  of  the  f i l t e r  i s
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approx imate ly  6 .9  ms and 5.5 ms a t  30 Hz and 60 Hz, r e s p e c t i v e l y .  The 
t r a n s f e r  func t ion  of  the  Gaussian f i l t e r  used in the  synchronous 
d e t e c t i o n  s im ula t ion  i s
57640.84H(s) = -T -
s + 415.85s + 57640.84
and the  corresponding s t a t e  equa t ions  of  the  f i l t e r  are
(3-7)
L.X2J
0  1
■57640.84 -415.85
_xr O'+ u
x2- _1
y  = 57640.84
Lx 2J
(3-8)
(3-9)
where u = v ^ ( t )  i ^ ( t ) .  The d e r iv a t io n  of  the  t r a n s f e r  func t ion  i s  
shown in d e t a i l  in Appendix B. The mean square e r r o r  of  the 
synchronous d e t e c t i o n  scheme over the  8 -second sample c u r r e n t  i s  2.5  
p e rce n t .
3 . 4 . 4  Curren t  Sampling Detec t ion  Method
The c u r r e n t  sampling d e t e c t i o n  method i s  i l l u s t r a t e d  in Fig.  3-9.  
The sample-hold c i r c u i t  measures the  ab s o lu te  value  of  the 
in s ta n tan eo u s  fu rnace  c u r r e n t  a t  the  peak of  the  furnace  vo l tage  and 
t r a n s f e r s  t h i s  value  to  th e  m u l t i p l i e r .  The ou tpu t  of  the  sample-hold 
c i r c u i t  remains co n s ta n t  over 180 degrees u n t i l  the  next  vo l t age  peak 
i s  reached ,  a t  which t ime a new c o n s tan t  i s  ob ta ined .  This  c o n s tan t  
i s  an approximation of  th e  a c t i v e  c u r r e n t  ampli tude.
The c u r r e n t  sampling scheme avoids the  use of  i n t e g r a t o r s  and 
f i l t e r s .  I t s  performance i s  l a r g e l y  dependent  on the  d i s t o r t i o n  level  
of  the  fu rnace  c u r r e n t .  For the  computer modelled fu rnace  c u r r e n t ,
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Figure 3-9.  Curren t  sampling d e t e c t i o n  method block diagram
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the  c u r r e n t  sampling d e t e c t i o n  method has a mean square e r r o r  of  5.5 
pe rce n t .
3 .4 .5  Comparison of  Detec t ion  Methods
The s im ula t ion  r e s u l t s  of  the  four  suggested  d e t e c t i o n  methods 
a re  shown in Table 3-2.  Based on the  modelled a rc  furnace  c u r r e n t ,  
the  f u l l - c y c l e  i n t e g r a t i o n  and synchronous d e t e c t i o n  methods are  c l e a r  
choices  over the  h a l f - c y c l e  i n t e g r a t i o n  and c u r r e n t  sampling methods. 
Although the  h a l f - c y c l e  i n t e g r a t i o n  method does o f f e r  good performance 
f o r  e l e c t r o n i c  conver te r  loads  [13 ] ,  i t  has the  p oo re s t  performance 
among the  analyzed d e t e c t i o n  schemes fo r  an a rc  fu rnace  load.
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Table 3-2
Mean Square Error  Over 
480-Cycle Sample
Half-Cycle I n t e g r a t i o n 7.8 percen t
Fu ll -Cyc le  In te g r a t i o n 2.5  pe rcen t
Synchronous Detec t ion 2.5 percen t
Curren t  Sampling 5.5 percen t
CHAPTER 4
DESIGN OF THE PWM INVERTER
4 .1  INTRODUCTION
This chap te r  d i s c u s s e s  the  design d e t a i l s  of  the  PWM i n v e r t e r  and 
i t s  a s s o c i a t e d  c o n t r o l l e r .  The PWM i n v e r t e r  i t s e l f  i s  the  most 
impor tant  s e c t i o n  of  the  compensator . To f u l l y  ach ieve  the  advantages 
t h a t  the  e l e c t r o n i c  compensator o f f e r s  over the  conventional  types  of  
compensators,  one must i n v e s t i g a t e  very c a r e f u l l y  many a s p ec t s  of  the 
i n v e r t e r .
The f i r s t  t o p i c  to  be exp lored in the  des ign of  the  i n v e r t e r  i s  
the  choice of  the  e l e c t r o n i c  sw i tches .  Since the  power level  of  arc 
fu rnaces  i s  g e n e ra l ly  q u i t e  h igh ,  as  i s  t h a t  of  th e  m a jo r i ty  of  loads 
r e q u i r i n g  compensation,  th e  swi tches  must be very  rugged and able  to  
w i ths tand  l a rg e  c u r r e n t s  and v o l t a g e s .  Although g r e a t  improvements 
have been made in both b ip o l a r  and f i e l d - e f f e c t  power t r a n s i s t o r s ,  the 
r a t i n g s  of  modern power t r a n s i s t o r s  a re  s t i l l  too small fo r  employment 
in a p r a c t i c a l  e l e c t r o n i c  compensator.  The power r a t i n g s  of  the 
l a r g e r  t h y r i s t o r s  a re  more than adequa te ,  however. In a d d i t i o n ,  the 
o th e r  c h a r a c t e r i s t i c s  of  modern t h y r i s t o r s ,  such as the  tu rn-on  and 
t u r n - o f f  t im es ,  a re  much improved over those  of  e a r l i e r  genera t ion  
t h y r i s t o r s .  Obviously,  th e n ,  the  semiconductor swi tches  should be 
t h y r i s t o r s  of  some kind.
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Along with the  modern s i l i c o n - c o n t r o l l e d  r e c t i f i e r  t h y r i s t o r  
(SCR), the  ga te  t u r n - o f f  t h y r i s t o r  (GTO) has been improved to  the  
p o in t  t h a t  i t  a l s o  i s  a p r a c t i c a l  power swi tch ing  dev ice .  There fore ,  
the  c h a r a c t e r i s t i c s  of  an SCR-based v o l t age  source i n v e r t e r  (VSI) and 
a GTO-based VSI, both compat ible with PWM cont ro l  methods, a re  
p resen ted  and compared [28 ] .  The comparison inc ludes  the  power 
l o s s e s ,  minimum ou tpu t  pu lsew id th ,  e f f i c i e n c y ,  and r e l i a b i l i t y .  
Experimental r e s u l t s  from two 3-kW s in g le -p h a se  i n v e r t e r s  a re  a l so  
re p o r te d .  Since the  PWM i n v e r t e r  can genera te  s i g n i f i c a n t  high 
frequency harmonics,  a low-pass f i l t e r  i s  necessary .  There fore ,  the  
des ign of  the  f i l t e r  i s  d e s c r ib e d ,  inc lud ing  an example o f  a minimum- 
s i z e  f i l t e r .  In a d d i t i o n ,  the  p o s s i b i l i t y  of  employing e i t h e r  a dc 
source or  an energy s to r a g e  component as  the  "source" fo r  the  i n v e r t e r  
i s  b r i e f l y  d i scussed .
4 .2  VSI WITH SCR SWITCHES
An SCR-based th r e e -p h a s e  vo l t age  source i n v e r t e r  i s  shown in Fig.  
4-1 ,  along with the  s e l e c t e d  commutation c i r c u i t  f o r  one leg of  the 
i n v e r t e r .  The independent  commutation c i r c u i t  has been chosen 
because of  i t s  s i m p l i c i t y  and because i t  f a c i l i t a t e s  the  use of  the 
in s ta n taneous  c u r r e n t  l i m i t  method. (The in s ta n tan eo u s  c u r r e n t  l i m i t  
p o l i cy  p r o t e c t s  the  i n v e r t e r  a g a i n s t  o v e rc u r re n t  due to  an ov e r lo a d . )
The commutation c i r c u i t  f o r  t h y r i s t o r  c o n s i s t s  of  a u x i l i a r y  
t h y r i s t o r  Q ^ ,  a u x i l i a r y  diode D ^ ,  commutation c a p a c i t o r  Cc l , 
commutation induc to r  L ^ ,  and the clamping network (Rf^» Ra i> and 
Da i )- The commutation waveforms during the  tu rn  o f f  of  t h y r i s t o r
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Figure 4 - 1 ( a ) .  Three-phase vo lt age  source  i n v e r t e r
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Figure 4 - 1 (b ) .  D e ta i led  diagram o f  commutation and snubber 
c i r c u i t s  f o r  one leg  o f  th e  th ree -phase  
i n v e r t e r
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a re  shown in Fig.  4-2 and the  commutation process  i s  descr ibed  in 
d e t a i l  in References [29 ] ,  [30] .
The commutation of  t h y r i s t o r  Q1  s t a r t s  by f i r i n g  a t  t .  = 0. 
During the  f i r s t  h a l f  cyc le  o f  commutation, the  o s c i l l a t o r y  c u r r e n t  
passes  through Q ^ ,  Lc l , and Cc l ’ and r e v e r s e s  the  p o l a r i t y  of  the
commuta t ion /  as  i t  i n c re a s e s  beyond the  load c u r r e n t  level  the 
o s c i l l a t o r y  c u r r e n t  passes  through Lc j ,  Ccl> D ^ ,  and D^. The forward 
v o l t ag e  drop ac ross  commutates the  main t h y r i s t o r  Q^.
As the  o s c i l l a t o r y  c u r r e n t  drops to  ze ro ,  the  commutation 
c a p a c i t o r  i s  overcharged mainly due to  the  s to r e d  energy in the  l i n e  
and commutation in d u c to r s  (L^ and Lc , r e s p e c t i v e l y ) .  The maximum 
vo l t age  of  the  commutation c a p a c i t o r  Cc i s
where 5 . i s  the  damping f a c t o r  of  the  commutation c i r c u i t  and I-|m is  
the  maximum load c u r r e n t .  At the  end of  the  commutation cyc le ,  the 
v o l t ag e  of  c a p a c i to r  Cc i s  clamped to  the  supply vo l t age  l e v e l ,  E^, by 
the  clamping network.
4 . 2 .1  Turn-On Energy Loss
The maximum tu rn-on  energy lo s s  in the  dev ice i s  incu rred  with 
r e s i s t i v e  loads .  I f  a l i n e a r  vo l t age  drop ac ross  the  dev ice i s  
assumed, then the tu rn -on  energy lo s s  i s
W . = I- E, I. t  (4-2)s o l  6  b t r  r  v '
where i s  the  device c u r r e n t  a t  t  = t  . t r  r
commutation c a p a c i to r  vo l t age  V ^ .  In the  second h a l f  cycle of
/
(4-1)
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Figure 4 -2 .  Commutation waveforms o f  t h y r i s t o r  Q-|
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4 . 2 .2  Turn-Off Energy Losses
The major po r t ion  of  the  t u r n - o f f  energy l o s s e s  occurs in the 
commutation r ing ing  c i r c u i t  and the  clamping network.  The commutation 
lo s s e s  a re  d i s s i p a t e d  v ia  a m u l t i p l i c i t y  of  paths  and the  exac t  
t h e o r e t i c a l  c a l c u l a t i o n  o f  the  lo s s e s  i s  d i f f i c u l t  and i s  not  u su a l ly  
p o s s i b l e .  At low values  of  load c u r r e n t  and a l so  dur ing  redundant 
commutation, the  main l o s s e s  a re  a s s o c ia t e d  with the  commutation 
induc to r .  The induc to r  Lc lo s s e s  can be approximated by
Wsc l = K  Eb a - a ' 451' )  <4-3>
Losses in Lc and Cc a re  almost  independent  of  the  leve l  of  the
load c u r r e n t .  As the  i n v e r t e r  induc t ive  c u r r e n t  i n c r e a s e s ,  however, a 
s i g n i f i c a n t  amount of  energy i s  t rapped  in the  l i n e  and commutation 
in d u c to r s .  Some of t h i s  t rapped energy i s  re tu rne d  to  the  source and 
the  remainder i s  d i s s i p a t e d  in the  clamping network.  The energy
d i s s i p a t e d  in the  clamping network i s
Ws c 2  = ?  W ^ b  > = 7  <Lc+2 Ld ) I ?e ' ?1’  <4- 4 >
I f  the  load c u r r e n t  i s  l a r g e ,  t h i s  energy lo s s  can become the  l a rg e r
p a r t  of  the  commutation l o s s .  The commutation energy lo s s  with
p o s i t i v e  load c u r r e n t  f o r  one cycle of  ope ra t ion  of  leg 1  ( i . e . ,  one 
necessary  commutation of  and one redundant  commutation of  Q^) i s
Wsc = 2Ws c l  + WS C 2
= \  ( L ^ ) ! ^ ' ^ *  Cc E ^ ( l - e "45iir) (4-5)
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4 . 2 . 3  Snubber Energy Loss
Snubber lo s s  occurs in the  i n v e r t e r  when the  t h y r i s t o r s  and 
diodes  tu rn  o f f  and on. Figure 4-1 shows one leg  of  the  i n v e r t e r  with 
t h e  snubbers ac ross  the  main and a u x i l i a r y  t h y r i s t o r s .  For one cycle
of  opera t ion  of  leg  1  ( i . e . ,  one commutation of  and one commutation
of  Q4 ) ,  the  snubber energy lo s s  i s
Uss  = 4 Cs Eb 2  (4-6)
where Cg i s  the  va lue of  the  snubber c a p a c i t o r  ac ro s s  each SCR and the
r e v e r s e  recovery  c u r r e n t s  of  the  diodes a re  n eg lec ted .
4 . 2 . 4  Minimum Output Pulsewidth
The maximum outpu t  v o l t age  o f  the  i n v e r t e r  i s  r e l a t e d  to  the
minimum on-t ime in t e r v a l  (T ) of  each power swi tch .  T „ i ssm sm
approximate ly  equal to  the  du ra t ion  of  the commutation cyc le ,
o 2 ir t_
7  = 2rr  --------------- 9-------  ( 4 . 7 )
sm w it—2  s in  ( 1 /x )
where t  i s  the  r equ i red  t u r n - o f f  time of  the  SCR and x i s  the r a t i o
q
of  the  peak commutation c u r r e n t  to  the peak load c u r r e n t .  Assuming x 
i s  2 , then
Tsm '  3  S  <4- 8 >
4 .3  US I WITH GTO SWITCHES
Recent ly ,  high power GTO t h y r i s t o r s  have been put  in to  p r a c t i c a l  
use as power switch ing d ev ices .  For i n v e r t e r  a p p l i c a t io n s  with 
a n t i p a r a l l e l  diodes ac ros s  the  d ev ices ,  the  anode s h o r t e d - e m i t t e r  type 
o f  GTO shows s u p e r io r  c h a r a c t e r i s t i c s ,  such as lower o n - s t a t e  v o l t ag e ,
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l e s s  leakage c u r r e n t  dur ing  the  blocking s t a t e ,  and h igher  switch ing 
speed [31 ] ,  [32] .
Replacing the SCR t h y r i s t o r s  with the  GTO t h y r i s t o r s  in the 
v o l t age  source i n v e r t e r  e l i m i n a t e s  the  expensive and bulky commutation 
c i r c u i t s .  However, the  ga te  d r iv e  c i r c u i t r y  r eq u i re d  by GTO's i s  more 
complica ted  than t h a t  r e q u i r e d  by SCR1s .  In a d d i t i o n ,  some o the r  
power l o s s e s ,  such as t a i l  c u r r e n t  lo s s  and higher  snubber power l o s s ,  
a r e  in t roduced .
4 . 3 .1  GTO Gate Drive C i r c u i t
The ga te  d r iv e  c i r c u i t ,  shown in Fig.  4-3 ,  i n i t i a l l y  a p p l i e s  a 
l a rg e  pu lse  of  c u r r e n t  to  the  ga te  fo r  approximate ly 1 0  microseconds.  
The l a rg e  pu lse  i s  r e q u i re d  to  avoid the  format ion  of  hot  spo ts  in 
those  p a r t s  of  the  dev ice t h a t  tend to  tu rn  on f i r s t .  A f te r  the 
i n i t i a l  pu lse  of  tu rn -on  c u r r e n t ,  the  ga te  must be supp l ied  with a 
sm al le r  leve l  of  con tinuous c u r r e n t  to  p reven t  undes ired  tu rn  o f f  a t  
low load c u r r e n t s ,  e s p e c i a l l y  f o r  PWM i n v e r t e r  a p p l i c a t i o n s .
An osc i l log ram  of th e  ga te  c u r r e n t  and ga te  vo l t age  waveforms 
dur ing  a tu rn  o f f  i s  shown in Fig .  4-4 .  The tu rn  o f f  of  the GTO is  
achieved by applying a nega t ive  v o l t age  ac ross  the  ga te -ca thode  
ju n c t i o n .  The ampli tude'  o f  the  r ev e r s e  c u r r e n t  must be g r e a t e r  than 
I / b e t a ( o f f )  and s u f f i c i e n t  charge a t  an optimum r a t e  ( to  reduce the
cl
t u r n - o f f  l o s s )  must be e x t r a c t e d  from the  ga te -ca thode  j u n c t i o n .  To 
achieve the  above requ i rem en ts ,  a 1  microhenry induc to r  i s  placed in 
the  path of  the  r ev e r s e  ga te  c u r r e n t .  The i n i t i a l  r eve rse  ga te  
c u r r e n t  passes  through th e  low impedance path provided by the  t u r n - o f f  
SCR. As the  reve rse  c u r r e n t  dec rease s  below the  holding c u r r e n t  of
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Except as i n d i c a t e d ,  decim al v a lu e s  of 
c a p a c i ta n c e  a re  in  m ic ro fa rad s  (p F ) , 
r e s i s t a n c e s  a re  in  ohms.-1 2  V
Figure 4-3. GTO gate  d r iv e  c i r c u i t
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Gate Curren t
Gate Voltage
Gate Current:  5 A/div 
Gate Voltage:  10 V/div 
H o r izo n ta l :  0 .5  y s /d iv
Figure 4-4.  Gate c u r r e n t  and ga te  vo l tage  
waveforms during a tu rn  o f f
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the  t h y r i s t o r ,  the  p a r a l l e l  MOSFET c a r r i e s  the  ga te  leakage c u r r e n t .  
Adding the  p a r a l l e l  MOSFET enhances the  forward blocking c a p a b i l i t y  of  
the  GTO and avoids any f a l s e  t r i g g e r i n g  of  the  ga te  by no ise  [33] .
The inpu t  s ignal  to  the  g a t e  d r iv e  c i r c u i t r y  i s  rece ived  through an 
o p t i c a l  i s o l a t o r  with a Faraday s h i e l d  between the  LED and photo 
t r a n s i s t o r  to  p reven t  f a l s e  t r i g g e r i n g  during t r a n s i e n t s .
4 . 3 . 2  Turn-On Energy Loss
S im i la r  to  an SCR t h y r i s t o r ,  the  tu rn -on  energy lo s s  of  the  GTO 
i s  maximum with a pure r e s i s t i v e  load and can be ob ta ined  from eqn. 
( 4 - 2 ) .  The ga te -ca thode  j u n c t io n  energy lo s s  during an on in t e r v a l  i s
"og * Vogl T1 + Vog <Tor,-Tl> ^
where V0 gj> T^, and VQg a r e  th e  i n i t i a l  ga te  v o l t a g e ,  i n i t i a l  ga te  
d u ra t i o n ,  and s t e a d y - s t a t e  ga te  v o l t a g e ,  r e s p e c t i v e l y ,  dur ing the  on 
i n t e r v a l .
4 . 3 .3  Turn-Off Energy Losses
Gate c u r r e n t ,  ga te  v o l t a g e ,  anode c u r r e n t ,  and anode vo l tage  
waveforms during tu rn  o f f  a r e  shown in Fig.  4-5 .  Turn o f f  i s  
i n i t i a t e d  by applying a ne g a t iv e  vo l t age  ac ross  the  ga te -ca thode  
ju n c t io n  a t  t  = tg. The d i f f e r e n t  energy l o s s e s  during the  various  
phases of  the  t u r n - o f f  p rocess  a re  b r i e f l y  desc r ibed  below.
(a)  tg  -  t j i  During t h i s  i n t e rv a l  ( the  s to rag e  time of  the 
g a t e ) ,  the  ga te -ca thode  j u n c t io n  i s  s a t u r a t e d  with c a r r i e r s  and the 
s e r i e s  ga te  inductance  Lg de te rmines  the  r a t e  of  r i s e  of  r eve rse  ga te  
c u r r e n t  d i g l / d t .  In t h i s  i n t e r v a l ,  the  energy lo s s  in the  g a te -  
cathode ju n c t io n  i s
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Figure 4-5 .  Approximate anode v o l t a g e / c u r r e n t  and ga te  
v o l t a g e / c u r r e n t  waveforms during a tu rn  o f f
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" f g l “ K g l  i f ' V ' o 1 (4‘ 10)
(b) -  t 2 : In t h i s  i n t e r v a l  ( the  f a l l  t im e ) ,  the
r e g e n e ra t iv e  ac t io n  in th e  GTO c o l l a p s e s ,  anode c u r r e n t  drops r a p id ly ,
load c u r r e n t  i s  t r a n s f e r r e d  to  the  snubber c i r c u i t ,  and avalanche
breakdown of  the  ga te -ca thode  ju n c t io n  s t a r t s .  The rap id  change of 
c u r r e n t  causes a p a r a s i t i c  v o l t age  due to  the  snubber inductance to  
appear between the  anode and cathode .  The energy lo s s  of  the  device
dur ing  the  f a l l  t ime due to  the  anode c u r r e n t  i s
Wf a l  * k  “ak l  ' a  f 4' 11*
At the  end of  t h i s  i n t e r v a l ,  the  anode c u r r e n t  drops to  a va lue known 
as th e  t a i l  c u r r e n t ,  I ^ i *
(c)  ^  " t 3 : T^e ava^anc^e breakdown of  the  ga te -ca thode
j u n c t io n  con t inues  u n t i l  t  = t 3 - The energy lo s s  in the  ga te  ju n c t io n
i s
Wfg 2  = 2  Vf g 2  ~dt"~  ^W  (4-12)
(d) t 3  -  t ^ :  The anode c u r r e n t  decreases  and charges the
snubber c i r c u i t .  Assuming a l i n e a r  decrease  in the  t a i l  c u r r e n t ,  
dur ing the  charging of  th e  snubber the  anode ju n c t io n  energy lo s s  i s
" f a 2  = ' t a i l  ‘ t a i l  ^ ‘ ^ ‘ t a i l '  (4 ' 13)s
and the  ga te  ju n c t io n  energy lo s s  i s
“fg3 = I  v f g  < V V  <4 - 1 4 >
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where V^g i s  the  s t e a d y - s t a t e  nega t ive  vo l t age  app l ied  ac ross  the 
ga te -ca thode  j u n c t i o n .
The t o t a l  energy lo s s  in the  ga te -ca thode  j u n c t io n  fo r  a tu rn  o f f
i s
Wfg = Wf g l  + " fg2  + "fg3 (4‘ 15>
and the  corresponding energy lo s s  in the  anode-cathode ju n c t io n  i s
Wfa  = Wf a l  + " f a 2  <4- 16>
4 . 3 . 4  Snubber Energy Loss
The peak commutation c a p a b i l i t y  and the  snubber energy lo s s  
depend d i r e c t l y  on the  value of  the  snubber c a p a c i t o r .  The snubber 
energy lo s s  during one cyc le  of  ope ra t ion  of  one leg of  a th ree -p h as e  
i n v e r t e r  i s
“ gs = Cs 4 *  h  ' 2  <4 - 1 7 >
where L-j i s  the  leakage inductance in s e r i e s  with  the  snubber c i r c u i t .
4 . 3 .5  Minimum Output Pulsewidth
S im i la r  to  the  t h y r i s t o r ,  the on time of  the  GTO should be 
s u f f i c i e n t  to  al low the  complete d ischarge  of  the  snubber c i r c u i t .
i
T here fo re ,  l e t
T_m = 3 R C (4-18)gm s s
4 .4  COMPARISON BETWEEN INVERTERS
To compare the  c h a r a c t e r i s t i c s  of  the SCR and GTO-based 
i n v e r t e r s ,  a h a l f - b r i d g e  i n v e r t e r  of  each type was s e l e c t e d  and 
t e s t e d .  The SCR-based h a l f - b r i d g e  i n v e r t e r  (with independent
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commutation c i r c u i t )  and the  GTO-based h a l f - b r i d g e  i n v e r t e r  a re  shown 
in Figs .  4-6a and 4-6b,  r e s p e c t i v e l y .  Values of  the  c i r c u i t  elements 
and the  c i r c u i t  parameters  a re  given in Table 4-1.
The i n v e r t e r  lo s s e s  were measured by the  i n d i r e c t  method [34].
This method was chosen because of  i t s  s i m p l i c i t y  and p r a c t i c a l i t y .  In 
the  i n d i r e c t  method, the  inpu t  power and the  ou tpu t  power of  the  
i n v e r t e r  a re  measured and the  d i f f e r e n c e  i s  c a l c u l a t e d .  The i n d i r e c t  
measuring method g ives  ac c u ra te  r e s u l t s  a t  no load and when the  output  
average power i s  small as  compared to  the  i n v e r t e r  l o s s e s .  Thus, 
h igh ly  induc t ive  loads  with n e g l i g i b l e  power l o s s e s  can be used to  
determine the  i n v e r t e r  l o s s e s .
Complementary ga t ing  waveforms with a duty cycle  o f  50 percen t  
were app l ied  to  the  i n v e r t e r s  and the  lo s s e s  a t  no load were then 
measured.  As shown in Table 4-2 ,  the  power lo s s  of  the  GTO-based 
i n v e r t e r  i s  r e l a t i v e l y  co n s ta n t  as  the  frequency i n c r e a s e s .  However, 
the  commutation power lo s s  causes the  power lo s s  of  the  SCR-based 
i n v e r t e r  a t  no load to  i n c re a s e  l i n e a r l y  with frequency.
The power lo s s  of  each i n v e r t e r  was measured next  a t  10 amperes 
induc t ive  load c u r r e n t  and the  r e s u l t s  are given in Table 4-3 .  Under 
load,  the  t a i l  c u r r e n t  lo s s  causes the  t o t a l  power lo s s  of  the  GTO 
i n v e r t e r  to  in c re a se  cons ide ra b ly  as the  frequency in c re a s e s .  Table 4-3 
c l e a r l y  shows, however, t h a t  a t  th e se  f r equenc ie s  the  GTO i n v e r t e r  i s  
more e f f i c i e n t  than the  SCR i n v e r t e r .
Although both i n v e r t e r s  have the  same c u r r e n t  commutation 
c a p a b i l i t y ,  the SCR i n v e r t e r  i s  more r e l i a b l e  in case of  a shoot-  
through f a u l t .  I f  a f a u l t  occurs ( i . e . ,  and tu rn  on 
s im u l tan e o u s ly ) ,  the  GTO i n v e r t e r  can be tu rned  o f f  only through the
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2 mH 7 pH
Dn i r e200 pF
— 240 V
200 pF
.25 pF
7 pHrrm.
Figure  4 - 6 ( a ) .  SCR-based h a l f - b r i d g e  i n v e r t e r
. i n
2 mH 2 mHrrrr\
. 25 pF
+
240 V
’.25 pF
Figure 4 -6 (b ) .  GTO-based h a l f - b r i d g e  i n v e r t e r
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Table 4-1
Elements and Parameters  of  the  
Half-Br idge I n v e r t e r s
SCR Half  
Bridge
GTO Half  
Bridge
5 n
0.25 pF 
24 pH 
10 pF
0.07
2 x 7 pH 
240 V 
30 A
5 £2
0.25 pF 
not  r equ i red  
not  r equ i red
2 mH 
240 V 
30 A
90 A 
GE C165
90 A 
Hitachi  GFF 90
Snubber Res is ta nce
Snubber Capacitance
Commutation Inductance
Commutation Capac itance
Damping F ac to r  of  
Commutation C i r c u i t
Line Inductance
Supply Voltage
Maximum Loan Current
Maximum Commutatable 
Current
Main C o n t ro l l a b l e  Device
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Table 4-2
No Load Power Loss as a Function 
o f  Operat ing Frequency
FREQ SCR Half  Bridge GTO Half  Bridge
100 Hz 72 W 17 W
200 Hz 144 W 20 W
400 Hz 288 W 22 W
800 Hz 550 W 24 W
2000 Hz 1200 W 52 W
Table 4-3
Power Loss as a Function of  Operat ing 
Frequency a t  10 A Load Curren t
FREQ SCR Half  Bridge GTO Half  Bridge
100 Hz 100 W 35 W
200 Hz 170 W 55 W
400 Hz 350 W 80 W
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ga te .  For the  SCR i n v e r t e r ,  the f u s e l e s s  p ro te c t io n  method can be 
implemented [35 ] ,  [36] .  This  technique provides  a commutation fo r  the 
main t h y r i s t o r s  fo l lowing a shoot - through  f a u l t  ac ross  them.
The minimum on-t ime in t e rv a l  f o r  the  GTO i n v e r t e r  i s  in the  order  
of  50 microseconds.  For the  SCR in v e r t e r  with the  s p e c i f i e d  
param ete rs ,  the  minimum on-t ime in t e rv a l  i s  approximately 1 0 0  
microseconds.
4 .5  SINGLE-PHASE BRIDGE INVERTER
Figure 4-7 shows the  main elements of  the s ing le -phase  br idge 
i n v e r t e r  as  used in the  e l e c t r o n i c  compensator.  The vo l t age  source 
vL( t )  r e p r e s e n t s  the  1 i n e - t o - n e u t r a l  vo l tage  of  the  compensated load.  
The c u r r e n t  i c ( t )  i s  the  c u r r e n t  supp lied  by the  compensator to  the 
load .  The i n v e r t e r  dc supply v o l t ag e ,  E, can be ob ta ined  from a 
source independent  of  the  u t i l i t y  ( e . g . ,  a b a t t e r y ) .  A l t e r n a t i v e l y ,  
i f  only r e a c t i v e  c u r r e n t  compensation of  the  load i s  d e s i r e d ,  then the 
dc supply vo l t age  can be obta ined  by main ta in ing  a small phase angle 
between the  i n v e r t e r  vo l t age  and the  l i n e  vo l t age  such t h a t  the 
i n v e r t e r  lo s s e s  a r e  supp l ied  by the  u t i l i t y  [14] .  This approach to  
load compensation, however, r e q u i r e s  the  use of  r a t h e r  l a rg e  pass ive  
s to rag e  elements [37] .  An independent  energy source has been employed 
f o r  the  p r e s e n t  re search  because an impor tant  c h a r a c t e r i s t i c  of  the 
e l e c t r o n i c  compensator i s  t h a t  the  compensator can supply both a c t i v e  
and r e a c t i v e  c u r r e n t  s im ul taneously  in such cases .
Gate t u r n - o f f  t h y r i s t o r s  have been chosen f o r  the switches  Q^"Q^- 
As d iscussed  e a r l i e r ,  bulky commutation c i r c u i t s  a re  no t  requ i red  fo r  
GTO's. Other d e s i r a b l e  c h a r a c t e r i s t i c s  inc lude  small tu rn-on  and
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t u r n - o f f  t imes ,  which r e s u l t  in low swi tch ing  l o s s e s  and high 
e f f i c i e n c y .  For c l a r i t y ,  the  snubber and ga te  d r iv e  c i r c u i t s  f o r  the 
GTO's a re  not  shown in Fig .  4-7.  The RLC network c o n s i s t i n g  of  L^,
Lg, R, and C se rves  as a low-pass f i l t e r  and a s h o r t - c i r c u i t  c u r r e n t  
1 im i t e r .
4 . 5 .1  The Modified Unipolar  Control S t r a t eg y
The modified u n ip o la r  cont ro l  s t r a t e g y ,  i l l u s t r a t e d  in Fig.  4-8,  
i s  used as the swi tch ing  technique fo r  the  GTO's [ 2 9 ] ,  [38].  This 
techn ique  o f f e r s  impor tan t  advantages over o th e r  con t ro l  s t r a t e g i e s ,  
such as the  b ip o l a r  and th e  un ipo la r  con t ro l  schemes. One s i g n i f i c a n t  
advantage of  the  modified un ipo la r  cont ro l  s t r a t e g y  i s  t h a t  i t  permits  
smooth con t ro l  of  the  i n v e r t e r  ou tpu t  vo l t age  f o r  small va lues  of  load 
c u r r e n t .  In a d d i t i o n ,  the  r eq u i r e d  s i z e  o f  the  low-pass f i l t e r  i s  
reduced by a f a c t o r  of  fou r  s ince  the  e f f e c t i v e  swi tch ing  frequency i s  
twice t h a t  o b ta in a b le  with o the r  con t ro l  s t r a t e g i e s .
In the  modified u n ip o la r  con t ro l  s t r a t e g y ,  Q1  and a re  c losed 
f o r  an i n t e r v a l  of  Tn seconds (n = 1, 2,  3 , . . . ,  N), determined by the 
i n t e r s e c t i o n  p o in t s  between the r e f e r e n c e  s i g n a l ,  f ( t ) ,  and the 
t r i a n g u l a r  s i g n a l ,  m ( t ) .  Switch i s  c losed  with  a time lag of  T . /2  
seconds a f t e r  the  swi tch i s  c lo sed ,  where Tc i s  the  per iod  of  the 
high frequency c a r r i e r .  Switches Q1  and Q2  a re  complementary ( i . e . ,  
when one i s  c lo sed ,  the  o th e r  i s  open).  Switches and a re  a l so  
complementary. I f  the  re fe re n c e  s igna l  v a r i e s  s i n u s o i d a l l y ,  then the 
ou tpu t  pulse  t r a i n  w i l l  be e q u iv a le n t  to  t h a t  ob ta ined  from s inuso ida l  
pu lse -w id th  modulation [30] .
75
Ds Rf
D , : r
LOAD
Figure 4-7 .  S ing le -phase  b r idge  i n v e r t e r
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Figure 4-8 .  Modified un ipo la r  cont rol  s t r a t e g y
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4 . 5 .2  Low-Pass F i l t e r  Design
The ampli tude of  th e  high frequency harmonic c u r r e n t  genera ted  by 
the  i n v e r t e r  can be c ons ide ra b le  and should be reduced to  an 
acc ep tab le  l e v e l .  Thus, a low-pass f i l t e r  i s  needed f o r  the  PWM 
i n v e r t e r .  The des ign procedure of  the  low-pass f i l t e r  i s  unusual in 
t h a t  the  load impedance a t  any frequency o the r  than the  fundamental 
(60 Hz) i s  n e g l i g i b l e .  The n e c e s s i t y  of  the  r e s i s t a n c e  R as a f i l t e r  
component w i l l  be d i scussed  and then the  var  requirements  of  the 
f i l t e r  w i l l  be der ived .
The c i r c u i t  shown in Fig.  4-9 can be used to  determine the 
c u r r e n t  i ( t )  t h a t  must be supp l ied  by the  dc source .  Since the  load 
v o l t ag e  i s  assumed to  be s i n u s o i d a l ,  the  ou tpu t  of  the  low-pass f i l t e r  
i s  s h o r t  c i r c u i t e d  a t  a l l  f r equenc ie s  except  the  fundamental .  The 
swi tch ing  behavior of  the  i n v e r t e r  ( i . e . ,  the  c h a r a c t e r i s t i c s  of  idea l  
GTO's and d iodes)  can be rep resen ted  by the  t r a n s f e r  fu n c t io n  s ( t ) ,  
where
oo
s ( t )  = I  A s in  noot (4-19)
n=l,odd
00
= M,- s in  ait + I  k  s i n  noit (4-20)
n=3,odd
where Mp i s  the  modulat ion index and s ( t )  i s  assumed to  be equal to  1 , 
- 1 ,  or  0 a t  a l l  t imes .  Thus, the  inpu t  vo l t age  to  the  f i l t e r  i s
v i ( t ) = E s ( t )  (4-21)
I f  the  value of  R i s  assumed to  be ze ro ,  then the  inpu t  impedance of  
the  f i l t e r  a t  the  fundamental frequency i s
m m m m
(switches)
Z L = 0  except at fundamental
Figure 4-9 .  Equivalent  c i r c u i t  o f  s ing le -phase  br idge  i n v e r t e r
'■vj
00
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Z. (1 - u 2 L,C) + ja)(L1 + L9  -  u^L.LnC)
Z . ( j u )  = -*=--------------±-------*-------±-------*--------------------------------- (4-22)
l - o )  l^C + juZ^C
where the  fundamental frequency load impedance i s  des igna ted  Z^. The 
inpu t  impedance of  the  f i l t e r  a t  any harmonic frequency n u  (n ^ 1 ) i s  
given by
2 2jnco( n a) L1 L9 C - L, - L9)
Zn (jo>) = ------------2 ~ 2 ~ ^ ----------  {4' 23)
n a) L2C -  1
T here fo re ,  f o r  n ^ 1,
and
M n 2 u>2 L,L,C -  L. -  L , ) |
|Z„ [------------- - 7 T -------- ^ ----- —  (4-24)
|n to L2C - 1 |
/ z n = 90° or  -90° (4-25)
where the  angle of  the  inpu t  impedance of  the  f i l t e r  a t  a harmonic 
frequency i s  dependent  on the  s i z e  of  nw, L p  and C. The f i l t e r  
inpu t  c u r r e n t ,  i ^ ( t ) ,  i s
E s i n  ( u t  + 9 0 ° )  E A, s in  (3wt ± 90°)
¥ t ! '  p h  + " ' "  iz3i
E A,- s i n  (5iot ± 90°)
 r a  + -  (4‘ 26)
00 A s i n  (nut  ± 90°)
E h h  m   (4‘ 27)n=l,odd I nl
where A  ^ = Mp. Since s ( t )  i s  e i t h e r  1, -1 ,  or  0,  then the source 
c u r r e n t  i s  as fo l lows
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~ A s in  (nu t  ± 90°)  oo A s in  nut  
i f t )  = E I  - U - _ =----------------  -  n
n=l,odd In=l,odd
(4 -28)
I f  the  swi tch ing  fu n c t io n  i s  such t h a t  t h e r e  i s  a vo l tage  harmonic 
t h a t  co inc ides  (or  n e a r ly  c o in c id es )  with the  re sonan t  frequency of  
the  f i l t e r ,  then th e  source  c u r r e n t  w i l l  be very  l a rg e .  Thus, the 
value  of  R must be nonzero to  avoid t h i s  problem.
The i n v e r t e r  e q u i v a l e n t  c i r c u i t  shown in Fig.  4-10 can be used to 
c a l c u l a t e  the  t r a n s f e r  f u n c t io n  of  the  low-pass f i l t e r  a t  any s p e c i f i c  
harmonic frequency .  The r a t i o  between the  harmonic c u r r e n t  I and
the  harmonic v o l t age  V. i sin
± c n -  
Vi n ~
sRC + 1
' 2  sR(L1  + L2 ) Lx + L2
(4-29)
sL1 L2 C L1 L2 L1 L2 C
To avoid any sharp  changes in the  ampli tude and phase responses  of  the 
f i l t e r ,  the  value o f  R i s  s e l e c t e d  so t h a t  the  damping f a c t o r  i s  equal 
to  0.707.  T here fo re ,  the  value of  R in terms of  L^, L2 , and C i s
2 L1 L2
(Lx + L2 )C (4-30)
The f i l t e r  t r a n s f e r  fu n c t io n  i s  now found to  be as fol lows
cn _ 
V,
/ ® f f
/  L, + L, s + 1
in f o / 2 ( L .  + L? ) L. + l 9 )
Li 4 Cs s  V  4 4 c  * * - k & r
(4 -31 )
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Rn 1 1" cn
Figure 4-10.  I n v e r t e r  e q u iv a le n t  c i r c u i t  a t  high f requencies
82
Figure 4-11 i l l u s t r a t e s  the  i n v e r t e r  e q u iv a le n t  c i r c u i t  under 
s t e a d y - s t a t e  c o n d i t io n s  a t  the  fundamental f requency.  The ou tpu t  load
vo l t age  i s  equal to  the  1 i n e - t o - n e u t r a l  vo l t age  of  the  power system,
vL( t ) .  I f  the  value of  vL( t )  i s
vL( t )  = y/Z V cos u t  (4-32)
then the  fundamental c u r r e n t  t h a t  must be supp l ied  by the  compensator 
to  the  system i s
i c i ( t ) = I s i n  u t  (4-33)
where a lagg ing r e a c t i v e  load c u r r e n t  has been assumed. The 
requ irement of  a lagg ing  r e a c t i v e  load c u r r e n t  i s  more common than a 
lead ing  r e a c t i v e  load c u r r e n t .  In a d d i t i o n ,  the  var  r a t i n g  of  the 
low-pass f i l t e r  i s  l a r g e r  fo r  a lagg ing r e a c t i v e  load c u r r e n t  as  
compared to  a lead ing  c u r r e n t .
The fundamental frequency c u r r e n t  through the  s e r i e s  RC branch of 
the  f i l t e r  i s  given by
&  (V + X? I )  x r
i D1 ( t )  = — _ cos ( u t  + tan  -„-) (4-34)
K l  )  o o r- K
/  R + c
where the  r e a c ta n c e s  X2  and Xc are equal to  ioL2  and 1/ioC, 
r e s p e c t i v e l y .  The inpu t  vo l tage  to  the  f i l t e r  a t  the  fundamental 
frequency i s
nrmmm
load
Figure 4-11.  I n v e r t e r  equ iva len t  c i r c u i t  a t  fundamental frequency
CDGJ
5
v u ( t )  = J z ( \ l  +  X1I + X2 I)  cos cot
84
/2 X^V + X? I) , X
s in (w t  + tan - - )  (4-35)
/ r 2  + X
x x (v  + x2i ) x c
= S2(\l + X.I + x9I -  - i - 5 ----~~y— —) cos cot
c  R + K ic
X,(V + X9 I)R
- ^ -----9-------9  s i n  cot (4-36)
r  + r c
where the  r eac tance  X^  i s  equal to  toL^. The rms vo l t a g e  a t  the  input  
o f  the  f i l t e r  i s
v . ,  = - o --1 9 / [ ( V  + X,I + X9 I ) (R 2  + X2) -  X.X (V + X9 I ) ] 2
i l  "" R2  + X2  /  A2 ' v V  1 c v“
+ [X1 R(V + X2 I ) ] fc (4-37)
For s i m p l i c i t y ,  l e t  the per  u n i t  (pu) va lues  of  V and I each equal 1.0 
( i . e . ,  the  rms load v o l t age  and the  rms load c u r r e n t  a t  the  
fundamental frequency a re  chosen to  be 1.0 pu).  T here fo re ,  the  pu rms 
vo l tage  a t  the  inpu t  of  th e  f i l t e r  i s
i l
(4-38)
where the  n o ta t io n  x 1 d e s ig n a t e s  t h a t  the  pu value  of  the  q u a n t i t y  x 
i s  used.
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To determine th e  v o l t a g e  and c u r r e n t  equa t ions  of  the  i n v e r t e r  
under s t e a d y - s t a t e  c o n d i t io n s  a t  any s p e c i f i c  harmonic frequency nu, 
one may again use the  c i r c u i t  shown in Fig.  4-10.  The in s tan taneous  
c u r r e n t  a t  the  frequency nu d e l iv e r e d  by the  compensator to  the  source 
can be assumed to  be of  th e  form
where the  va lues  of  n a r e  the  odd in t e g e r s  3,  5, 7, . . .  . No even 
harmonic c u r r e n t s  a re  genera ted  by the  compensator f o r  r e a c t i v e  
c u r r e n t  compensation of  a l i n e a r  load because the  ou tpu t  vo l tage  
waveform has hal f-wave symmetry in t h i s  case .  Since the  primary 
purpose of  th e se  equa t ions  i s  the  comparison between the  var  
requiremen ts  of  the  low-pass f i l t e r  o f  the  e l e c t r o n i c  compensator to  
the  var  requi rements  of  th e  pas s ive  s to r a g e  elements of  the  
convent ional  SVC, the  assumption of  a l i n e a r  load i s  v a l i d .
The harmonic c u r r e n t  i p n( t )  through th e  s e r i e s  RC branch of  the  
f i l t e r  i s
The inpu t  vo l t age  to  the  f i l t e r  a t  the  harmonic frequency nu i s
i ( t )  = * 2^ I s i n  nut  cn '  cn (4-39)
cos (nu t  + t a n - * ^ - ) (4-40)
v i n ( t )  = ^ 2  nX2 I cncos nut  + / 2  nX^I cos nut
+ c os (nu t  + 90° + t a n - 1  ^ )  (4-41)
/ R Z + (Xc/ n ) 2
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^2(nX1  + nX2 )I
/ Z  nX,X9X I " 
1 i  c cn
cn R^+ (X / n ) 2
cos ntot
n X,X? RI 
- / Z  —— — — si n ncot
R2  + (Xc/ n ) 2
(4-42)
and the  corresponding rms vo l tage  i s
in nX^ + nX2  - ~ 2
nX,X0 X„ n 
1 2 c
R +(X c/ n ) ‘
n h ^ R
R2 + (Xc/ n ) 2 ' c n  (4"43>
In pu q u a n t i t i e s ,
+ B2  I n cn
nXlX'X'
where A = nXl + nXl,  o----------  — ?
n 1  2  R' 2  + ( X ' / n ) 2
and
n^ jX gR '  
n R' 2  + (X^/n ) 2
B_ =
(4-44)
(4-45)
(4-46)
For any given va lue of  modulat ion index and f o r  any given r a t i o  
of  c a r r i e r  frequency ( i . e . ,  f requency of  the  t r i a n g u l a r  wave) to  
fundamental frequency ,  the  value of  can be expressed  in terms of  
\ l ^  from a Four ie r  s e r i e s  expansion of  the  output  pulse  t r a i n  shown in
f
Fig.  4-8.  Thus, eqn. (4-44) i s  r e w r i t t e n  as
I
V!in
cn
/ aT T ?
(4-47)
n n
The rms value of  the sum of the harmonic c u r r e n t s  i s  given by
I' = /  7 I
c n ( t o t a l )  J r»=3 ,odd cn
(4 -48)
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The s i z e  of  the  f i l t e r  components can now be determined.  The var  
r a t i n g  o f  L2  i s
( v a r ) l 2  = x2 i
o o
+ I  nX2 I cn n=3,odd c  cn
(4-49)
X' + I  n X ' I l f  
2  n=3todd 2  cn
(4-50)
where the  pu value of  I i s  again chosen to  be 1 .0 .  For the f i l t e r  
c a p a c i t o r ,  the  var r a t i n g  i s
(VAR)^ Xc ( l  + X2>2 , f  i
R‘ 2  + X^ .2  n=3,odd n
nXl I '
2  cn
/  R1 2  + ( X ' / n ) 2
( 4 - 5 1 )
x ; ( i  + r z ) ?  ?  nX' XI 1 ' „  c 2  cn c  , y  l c. m
' Z +  v }  n=3,odd R' 2  + (X^/n ) 2
( 4 - 5 2 )
The var r a t i n g  of  w i l l  be shown in severa l  s t e p s .  The fundamental 
c u r r e n t  through L p  i - ^ ( t ) ,  i s  the  sum of  the  two branch c u r r e n t s  
i c l ( t )  and Adding eqns. (4-33) and (4 -34 ) ,  one f i n d s  t h a t
i n ( t )  = f t I -
(V + X2 I)XC f t  (V+ X2 I)R 
s i n  cot + -----~----- *— cos cot ( 4 - 5 3 )
R + x :
There fo re ,  the  pu var  r a t i n g  of  a t  the  fundamental frequency i s
(VAR)
fund
-
1
+ X ro 
- X o 
- 2
4 .
(1 + XJ)R'' 2 -t
/  R, 2 + X ^ 2 . R‘ 2  + X' 2 ^ c
(4 -54)
The c u r r e n t  through a t  a s p e c i f i c  harmonic f requency  nu, denoted by
i - ( t ) , i s  the  sum of  i „ „ ( t )  and i D„ ( t ) .  The a d d i t i o n  of  eqns. (4-39) in cn kh
and (4-40) y i e l d s  the  fo l lowing  r e s u l t
1 i n ( t )  = * 1 - X2 Xc
R2  + (Xc/ n ) 2
I s i n  nut  cn
+ & nX2 ^
R2  + (Xc/ n ) 2  icn
I cos nut (4-55)
Thus, the  pu var  r a t i n g  o f  f o r  a l l  o f  the  harmonic c u r r e n t s  
combined i s
2
(VAR),'LI I "n;
ha™ "*3 ' odd
1 - X2 Xc
R' 2  + ( X ' / n ) 2;
nX^ R'
1R' 2  + ( X ' / n ) 2J _
2 -,
. 2
cn (4-56)
F i n a l l y ,  the  t o t a l  var  r a t i n g  of  the  low-pass f i l t e r  i s  
(VAR)' = (VAR)'L 2  + (VAR)'C + (VAR)'L 1
where (VAR)^ = (VAR)^ + (VAR)^
fund harm
(4-57)
(4-58)
An impor tan t  a u x i l i a r y  equat ion  i s  the  power l o s s  P in the  f i l t e r  
r e s i s t o r .  Since the  same c u r r e n t  flows through C and R, the  power 
lo s s  equat ion  i s  ob ta ined  d i r e c t l y  from eqn.  (4-51) by simply 
s u b s t i t u t i n g  X^/n with R. T here fo re ,
4 . 5 .3  Minimum-Size F i l t e r
The design of  the  minimum-size f i l t e r  fo r  a th ree -phase  PWM 
i n v e r t e r  r a t e d  a t  ±1800 kvars w i l l  now be i l l u s t r a t e d .  The energy 
source f o r  th e  compensator i s  assumed to  be a b a t t e r y .  Since the 
v o l t age  of  the  b a t t e r y  w i l l  vary  over some l im i t e d  range as a func t ion  
of  i t s  charge ,  a modulation index value of  0.70 (a w ors t -case  value in 
terms of  genera ted  harmonics) i s  used fo r  t h i s  example. The fol lowing 
design parameters  a re  assumed to  be known:
V = 1200 v o l t s  
I = 500 amperes
tos = 120tt r a d / s  (4-60)
= 1 2 0 0 0 tt r a d / s
where <ds and u>t  a re  the  f r e q u e n c i e s  of  the  r e fe ren c e  ( s in u s o id a l )  and 
c a r r i e r  ( t r i a n g u l a r )  s i g n a l s ,  r e s p e c t i v e l y .  In a d d i t io n  to  the  above 
paramete rs ,  the  fo l lowing  f i l t e r  c o n s t r a i n t s  a re  a l so  assumed
In th e o ry ,  one could use the  method of  Lagrange m u l t i p l i e r s  [39] 
to  solve fo r  the  minimum-size f i l t e r .  In t h i s  approach,  the 
i n e q u a l i t i e s  given by eqns.  (4-61) and (4-62) would be rep laced  by 
e q u a l i t i e s  to  form the  augmented func t ion
where the  va lues  o f  (VAR)', ^ ( t o t a l ) ’ anC* a r 9  9™en eqns.
c n ( t o t a l ) (4-61)
P* ^ 0.01 (4-62)
f a (Xl ’ X2 ’ XC’ pl> p2 } = (VAR)’ + P
+ p2 (P'  - 0.01)
( t o t a l )
(4-63)
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(4 -57) ,  (4 -48) ,  and (4 -59) ,  r e s p e c t i v e l y .  U nfo r tuna te ly ,  each of  
t h e se  equat ions  i s  n o n l in e a r .  In t u r n ,  the  f i v e  s imul taneous  
a lg e b r a i c  equat ions  t h a t  r e s u l t  from the  method of  Lagrange 
m u l t i p l i e r s  a re  non l inea r  and must be solved by numerical te chn iques .
A t r i a l  and e r r o r  approach i s  a p o s s ib le  a l t e r n a t i v e  t h a t  can 
y i e l d  a s a t i s f a c t o r y  s o lu t i o n  qu ick ly  and e a s i l y ,  p a r t i c u l a r l y  i f  the 
approximate f i l t e r  design equa t ions  developed e a r l i e r  [ 2 0 ] are used as 
th e  " s t a r t i n g "  va lues  f o r  Lj ,  L2 , and C. This techn ique  was employed 
to  f in d  the  fol lowing r e s u l t s :
XJ = 0.175 
X2  = 0.060 
X' = 14.50
L (4-64)
R1 = 1.095
^ t o t a l )  = 0 - 0 1 0 0  
P' = 0.0091
(VAR)' = 0.335
The ac tua l  s i z e  of  the f i l t e r ,  Qp, fo r  the  th ree -p h as e  e l e c t r o n i c  
compensator i s
QF = 3(VAR)1VI
= 3(0 .335)(1200)(500)
= 603 kvars (4-65)
Thus, fo r  a compensation range of  ±1800 kvars ,  the  f i l t e r  s i z e  
requ i r e d  by the  e l e c t r o n i c  compensator i s  603 kvars .  As a comparison,  
the  t h y r i s t o r - s w i t c h e d  c a p a c i to r  and t h y r i s t o r - c o n t r o l l e d  r e a c to r  SVC 
c o n f ig u r a t i o n ,  which i s  a widely used c o n f ig u r a t i o n ,  r e q u i r e s  a t o t a l  
of  3600 kvars (1800 kvars induc t ive  and 1800 kvars c a p a c i t i v e )  f o r  the 
same compensation range o f  ±1800 kvars.
CHAPTER 5
EXPERIMENTAL RESULTS
5.1 INTRODUCTION
This chap te r  p r e s e n t s  experimental  r e s u l t s  ob ta ined  from a low 
power s in g le -p h a s e  e l e c t r o n i c  compensator . Some c o n s t ru c t io n  d e t a i l s  
o f  the  compensator a re  f i r s t  d i scussed ,  and then the  performance of 
the  compensator i s  demonstrated f o r  two d i f f e r e n t  types  of  loads ,  
inc lud ing  a n o n l in e a r ,  t im e-vary ing  load t h a t  approximates one phase 
o f  an a rc  fu rnace .  Also shown i s  the  a b i l i t y  of  the  compensator to  
a c t  as  both a r e a c t i v e  c u r r e n t  compensator and an a c t i v e  c u r r e n t  
g en e ra to r  s imul taneously  when fed  by an independent  energy source.
5.2 THE ELECTRONIC COMPENSATOR
A scaled-down ve rs ion  of  the  e l e c t r o n i c  compensator was b u i l t  in 
o rder  to  t e s t  the  des ign concepts  p resen ted  in t h i s  d i s s e r t a t i o n .  The
s in g le -p h a se  f u l l - b r i d g e  PWM i n v e r t e r ,  the  bas ic  bu i ld ing  block of  the
e l e c t r o n i c  compensator , employed GTO's as the  main semiconductor 
sw i tches .  The f u l l - c y c l e  i n t e g r a t i o n  scheme was chosen as the 
d e t e c t i o n  method because of  i t s  good performance measure and i t s  
r e l a t i v e  ease of  implementat ion.  An independent  dc vo l tage  source was 
used so t h a t  the  compensator could supply ,  i f  d e s i r e d ,  a c t iv e  c u r r e n t  
to  the load.  The va lues  of  the  p r in c ip a l  components and co n s ta n t s  fo r
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the  i n v e r t e r  a re  given in Table 5-1.  As can be seen from the t a b l e ,  
the  compensation range of  the  cons t ruc ted  compensator was ± 1 2 0 0  v a r s .
The f i l t e r  design equa t ions  p resen ted  in Chapter  4 had not  been 
comple te ly developed before  c o n s t ru c t io n  and t e s t i n g  of  the e l e c t r o n i c  
compensator was f i n i s h e d .  Ins tead  of  the  d e t a i l e d  equat ions  der ived  
in Chapter  4,  a s e t  of  design equa t ions  based on some s im pl i fy ing  
assumptions [20] were used to  bu i ld  the  low-pass f i l t e r .  These 
assumptions,  such as the  assumption t h a t  and Lg a re  equal and the 
assumption t h a t  the  e f f e c t  of  R i s  n e g l i g i b l e ,  a re  no t ,  in gene ra l ,  
v a l i d .  Thus, the  f i l t e r  co n s tan t s  l i s t e d  in Table 5-1 are  not  the 
"optimum" values  in terms of  minimum s i z e .
The layou t  o f  the  snubber c i r c u i t s  and the ga te  d r ive  c i r c u i t s  
f o r  the  GTO's r equ i red  ca re fu l  c o n s id e r a t i o n .  Of p a r t i c u l a r  
importance was the  n e c e s s i t y  to  keep the  snubber c i r c u i t  wiring 
ext remely s h o r t  and to  reduce the  snubber c i r c u i t  inductance to  the 
lowest  p o s s ib le  l e v e l ,  s in ce  the  snubber c i r c u i t  s t r a y  inductance 
p lays  a major r o l e  in minimizing the  switching lo s s e s  [40] .  Figure 
5-1 shows one GTO and i t s  a s s o c ia t e d  snubber c i r c u i t  as used in the 
co n s t ru c ted  compensator . (An add i t io n a l  r e s i s t o r  t h a t  can be seen in 
Fig.  5-1 was p a r t  o f  the  c u r r e n t - l i m i t i n g  p r o t e c t io n  c i r c u i t  f o r  the 
GTO.) The corresponding ga te  d r iv e  c i r c u i t  board f o r  one GTO i s  shown 
in Fig.  5-2.
5.3 COMPENSATION OF AN AC VOLTAGE CONTROLLER
An ac vo l t age  c o n t r o l l e r  was chosen as the  compensated load to  
t e s t  the  s t e a d y - s t a t e  performance of  the  e l e c t r o n i c  compensator . An 
example o f  the  r e s u l t s  ob ta ined  f o r  the  compensation of  the  vo l tage
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Table 5-1
Values of  Constants  f o r  Cons tructed  PWM In v e r te r
V
I
E
Mp
I c n ( t o t a l )
120 V 
10 A
1 2 0 tt r a d / s  
1 2 0 0 0 ir r a d / s  
180 V 
0.74
0.18 A
P
L 1
L2
C
R
^compensator 
^ F i I t e r
10.8 W
1.7 mH
1.7 mH 
5.0 vF
3.3 ft
±1200 Var 
363 Var
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Figure 5-1.  GTO and a s s o c i a t e d  snubber c i r c u i t
Figure 5-2 .  Gate d r iv e  c i r c u i t  board f o r  GTO
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c o n t r o l l e r  ope ra t ing  in to  a s e r i e s  RL load i s  shown in Fig.  5-3.  This 
osc i l log ram  shows the  load v o l t a g e ,  load c u r r e n t ,  and r e s u l t a n t  l i n e  
c u r r e n t .  I t  can be seen t h a t  the l i n e  c u r r e n t  i s  very nea r ly  in phase 
with the  vo l tage  and con ta in s  some small harmonic components. The 
power f a c t o r  of  the  r e s u l t a n t  load i s  approximate ly 0.95.
Figure 5-4 i l l u s t r a t e s  the  a b i l i t y  of  the  compensator to  supply 
the  measured r e a c t i v e  load c u r r e n t  with high accuracy and small time 
de lay .  The top waveform in Fig.  5-4 i s  the  r e a c t i v e  load c u r r e n t  of 
the  vo l t age  c o n t r o l l e r  as  measured by the  d e t e c to r  s tage  of  the 
compensator.  The bottom waveform i s  the  corresponding c u r r e n t  t h a t  i s  
a c t u a l l y  genera ted  by the  compensator . As can be seen ,  the  inhe ren t  
delay  of  the  e l e c t r o n i c  compensator ( i . e . ,  the  d i f f e r e n c e  between the 
t o t a l  response  time and th e  d e t e c t i o n  t ime) i s  l e s s  than 1 m i l l i se cond .
The e f f i c i e n c y  of  the  cons t ruc ted  compensator f o r  t h i s  t e s t  was 
approximate ly  90 p e rc e n t .  That i s ,  the  power lo s s e s  absorbed by the 
compensator were 1 0  p e rcen t  of  the vo lt -amperes  d e l iv e re d  by the 
compensator to  the load.  This  e f f i c i e n c y  i s  somewhat low as compared 
to  e f f i c i e n c i e s  of  convent ional  SVC's of  l a rg e  r a t i n g  [4 ] ,  [9] 
(approximate ly  98-99 p e r c e n t ) .  However, the  e f f i c i e n c y  of  the 
e l e c t r o n i c  compensator should inc rease  as i t s  s i z e  in c re a s e s .
Moreover, the GTO's and o th e r  e l e c t r o n i c  switches  a re  c o n s tan t ly  being 
improved by the manufac tu rers ,  which w i l l  f u r t h e r  in c rease  the 
e f f i c i e n c y  of  the  e l e c t r o n i c  compensator.
The osc i l logram shown in Fig.  5-5 demonst rates  t h a t  the 
e l e c t r o n i c  compensator can a c t  as  both a r e a c t i v e  c u r r e n t  compensator 
and an a c t i v e  c u r r e n t  gene ra to r  when fed by an independent energy 
source .  Note t h a t  the  load vo l tage  and load c u r r e n t  va lues  a re
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Figure 5-3. Compensation o f  ac vo l t age  c o n t r o l l e r  
(100 V/div,  5 A/d iv,  5 ms/div)
Figure 5-4. Measured r e a c t i v e  c u r r e n t  and ac tua l  c u r r e n t  
supp l ied  by e l e c t r o n i c  compensator 
(5 A/d iv ,  5 ms/div)
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i d e n t i c a l  in F igs .  5-3 and 5-5.  However, the  r e s u l t a n t  l i n e  c u r r e n t  
supp l ied  by the  u t i l i t y  in the  l a t t e r  f i g u r e  has an amplitude of  
approximate ly  40 pe rce n t  of  i t s  former va lue .  Thus, the  compensator 
can be c o n t ro l l e d  such t h a t  a s i g n i f i c a n t  amount of  the  a c t i v e  load 
c u r r e n t  (and average power) i s  fu rn i shed  by the  independent  energy 
source .
5.4 COMPENSATION OF AN ARC WELDER
To t e s t  the t r a n s i e n t  performance of  the  e l e c t r o n i c  compensator , 
a manually opera ted  s in g le -p h a se  arc  welder was used as the 
compensated load.  Rather than conventional  welding rods ,  carbon 
e l e c t r o d e s  (obta ined  from o rd ina ry  dry c e l l  b a t t e r i e s )  were employed 
as the  welding rods in o rder  to  s imula te  as c lo se  as p o s s ib le  an 
ac tua l  a rc  fu rnace .
React ive  c u r r e n t  compensation of  the  arc  welder i s  i l l u s t r a t e d  by 
the  osc i l log ram  shown in Fig.  5-6.  The o sc i l log ram  shows
approximate ly 6  cyc les  of  the  load v o l t a g e ,  load c u r r e n t ,  and
r e s u l t a n t  l i n e  c u r r e n t .  Although the  load c u r r e n t  i s  h igh ly  d i s t o r t e d  
and tends  to  change cons ide rab ly  from cycle to  cyc le ,  the  r e s u l t a n t
l i n e  c u r r e n t  i s  a r a t h e r  good approximation to  a s inuso id  and d i sp la ys
very l i t t l e  phase-angle d isplacement  from the  load vo l t age .  I t  i s  
c l e a r  from t h i s  t e s t  t h a t  the  e l e c t r o n i c  compensator can respond very 
qu ick ly  to  any sudden load changes.
Figure 5-5 .  Simultaneous r e a c t i v e  c u r r e n t  compensation 
and a c t i v e  c u r r e n t  genera t ion  
(100 V/div,  5 A/d iv ,  5 ms/div)
Figure 5-6 .  Compensation o f  a r c  welder
(100 V/div,  20 A/div,  10 ms/div)
CHAPTER 6
SUMMARY AND CONCLUSIONS
6 .1  SUMMARY
The re sea rch  re p o r te d  in t h i s  d i s s e r t a t i o n  addressed  the  problem 
of  des ign ing  a load compensator  t h a t  can a c c u r a t e l y  compensate 
n o n l in e a r  loads  as well as  l i n e a r  loads  with minimum time de lay .  The 
l i m i t a t i o n s  of  conventiona l  approaches to  load compensation were 
d i s c u s s e d ,  inc lud ing  the  i n a b i l i t y  to  compensate d i r e c t l y  the  harmonic 
d i s t o r t i o n  c u r r e n t  of  a n o n l in e a r  load .  With the  in c re as in g  number 
and s i z e  o f  n o n l in ea r  i n d u s t r i a l  loa ds ,  such as a rc  fu rnaces  and 
r o l l i n g  m i l l s ,  a design t h a t  permi ts  d i r e c t  compensation of  both the 
fundamental d isp lacement c u r r e n t  and the  harmonic d i s t o r t i o n  c u r r e n t  
i s  d e s i r a b l e .
A design approach t h a t  can compensate the  t o t a l  r e a c t i v e  c u r r e n t  
o f  a load ,  l i n e a r  or  n o n l i n e a r ,  has been p resen ted  in t h i s  r e s ea rch .
As shown, an e l e c t r o n i c  load  compensator c o n s i s t i n g  of  a PWM in v e r t e r  
connected in p a r a l l e l  with  the  load can be c o n t ro l l e d  so t h a t  the 
r e s u l t a n t  load demands only  a c t i v e  c u r r e n t  from the  power system. 
Although t h i s  approach to  load compensation has been b r i e f l y  d iscussed  
in the  l i t e r a t u r e ,  i t  was found t h a t  l i t t l e  e f f o r t  has been made to 
optimize  the  design of  t h e  compensator.  Furthermore,  the  p rev ious ly  
pub l i shed  work focused on the  compensation of  an e l e c t r o n i c  conver te r  
load.
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The resea rch  d i scussed  in t h i s  d i s s e r t a t i o n  has expanded upon the 
e a r l i e r  work by i n v e s t i g a t i n g  the  des ign of  a modern e l e c t r o n i c  
compensator  capable of  compensating the  in s tan taneous  r e a c t i v e  c u r r e n t  
drawn by an a rc  fu rnace  load .  The compensation of  an a rc  furnace 
r e q u i r e s  t h a t  the  fu rnace  r e a c t i v e  c u r r e n t  be determined quickly  and 
a c c u r a t e l y .  Accordingly ,  s im u la t ions  were conducted of  severa l  
sugges ted  d e t e c t i o n  schemes and the  r e s u l t s  show t h a t  the  f u l l - c y c l e  
i n t e g r a t i o n  and synchronous d e t e c t i o n  methods a re  s u p e r io r  to  the 
h a l f - c y c l e  i n t e g r a t i o n  and c u r r e n t  sampling methods.  For the i n v e r t e r  
i t s e l f ,  i t  was demonstrated  t h a t  the  use of  modern GTO's, r a t h e r  than 
convent ional  SCR's, as  the  main semiconductor swi tches  inc reases  the  
e f f i c i e n c y  and performance of  the  i n v e r t e r .  The u t i l i z a t i o n  of  the 
modi fied un ipo la r  con t ro l  s t r a t e g y  fo r  the  swi tches  i s  a l so  novel in 
t h i s  compensator des ign .  In a d d i t i o n ,  the  design of  a minimum-size 
low-pass f i l t e r  f o r  the  PWM i n v e r t e r  has been desc r ibed  in t h i s  
r e s e a r c h .
Along with r e a c t i v e  c u r r e n t  compensation of  a load ,  the  proposed 
e l e c t r o n i c  compensator can a l s o  s imul taneously  d e l i v e r  a c t iv e  c u r r e n t ,  
or  average power, to  the load when fed by an independent  energy 
source .  Since the  growth of  independent  energy sources  i s  l i k e l y  to 
con t inue  in the  f u t u r e ,  t h i s  ad d i t io n a l  c a p a b i l i t y  of  the  e l e c t r o n i c  
compensator should be very  u s e fu l .
6 .2  RECOMMENDATIONS FOR FURTHER RESEARCH EFFORTS
C er ta in  problems or  t a s k s  t h a t  might f u r t h e r  improve the 
performance or lower the  c o s t  o f  the  e l e c t r o n i c  load compensator , but  
which r e q u i r e  f u r t h e r  i n v e s t i g a t i o n ,  have been i d e n t i f i e d  dur ing t h i s
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r e s e a r c h .  Problems t h a t  a re  recommended as p o t e n t i a l  f u tu r e  research  
e f f o r t s  inc lude  i n v e s t i g a t i n g  the  p o s s i b i l i t y  of
( 1 ) u t i l i z i n g  recorded  fu rnace  da ta  d i r e c t l y  in the 
s im u la t ions  of  the  va r ious  d e t e c t i o n  schemes;
( 2 ) developing in  a s t a t i s t i c a l  manner a concept  of  "load 
balancing"  f o r  n o n l in e a r ,  unbalanced loads t h a t  r a p id ly  
and c o n t in u a l l y  vary f o r  long d u ra t i o n s  of  t ime;  
and
(3) developing an e f f i c i e n t  a lgori thm f o r  so lv ing  the 
minimum-size low-pass f i l t e r  equa t ions  ob ta ined  from 
the  method of  Lagrange m u l t i p l i e r s .
The f i r s t  t a s k  r e q u i r e s  t h a t  c e r t a i n  t e s t  equipment (magnetic 
r e c o r d e r s ,  i n s t ru m en ta t io n  a m p l i f i e r s ,  e t c . )  must be ob ta ined  or 
b u i l t .  Once the  necessary  hardware i s  a v a i l a b l e ,  the  t a s k  of  
ob ta in in g  the  fu rnace  d a t a  and u t i l i z i n g  i t  iri the  d e t e c t i o n
s im u la t i o n s  should be r e l a t i v e l y  s t r a i g h t f o r w a r d .  As compared to  the
f i r s t  problem, the  second and t h i r d  problems a re  cons ide rab ly  more 
d i f f i c u l t  to  so lve .  However, s ince  the  a rc  fu rnace  i s  the  worst  load 
t h a t  one w i l l  probably f a c e ,  the  s o lu t i o n  of  the  f i r s t  problem may 
give  some i n s i g h t  in to  the  second problem, provided t h a t  the  c u r r e n t s  
and v o l t ag es  of  a l l  t h r e e  phases of  the  fu rnace  a re  recorded 
s im ul taneous ly .  In t h i s  manner, one can determine the  magnitudes and 
time d u ra t i o n s  of  the  phase unbalances .  To the  a u t h o r ' s  knowledge, no
one has examined t h i s  problem in d e t a i l  f o r  an a rc  fu rnace .
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6.3  CONCLUSIONS
In conc lus ion ,  a PWM i n v e r t e r  equipped with the  app ro p r ia te  
c o n t r o l l e r  and d e t e c to r  can compensate the  r e a c t i v e  c u r r e n t  drawn by 
a r c  furnaces  and o th e r  t im e-va ry ing ,  non l inea r  loads with high 
accuracy and small de lay .  The des ign d e t a i l s  o f  the  e l e c t r o n i c  
compensator have been p resen ted  and, fu r therm ore ,  the se  design ideas  
have been v e r i f i e d  and used s u c c e s s f u l l y  in the  c o n s t ru c t io n  of  a 
p r a c t i c a l  low power compensator .
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APPENDIX A
FURNACE VOLTAGE AND CURRENT EQUATIONS 
USED IN DETECTION SIMULATIONS
The furnace vo l t age  and c u r r e n t  equa t ions  used in the d e t e c t i o n  
s im u la t ions  a re  as fo l lows:  
v ^ ( t )  = s in  ait pu
i L ( t )  = 1 a ( t )  + i r ( t ) P u
where
i a ( t )  = (0.5X. + 0 . 7 5 ) s i n  cot
cl J.
i f ( t )  = -(X,, + 0 .5 )c o s  cot + (X2  -  0.5)
+ 0 . 2 2 [ ( X^  _ 0 . 5 ) s in  2cot + (X^ -  0 .5 )c os  2cot]
+ 0 .26[(X5 - 0 . 5 ) s i n  3cot + (Xg - 0 .5 )c os  3ut]
+ 0.10[(Xy - 0 . 5 ) s i n  4cot + (Xg -  0 .5 )c os  4cot]
+ 0 .22[(Xg - 0 . 5 ) s i n  5 u t  + (X1Q -  0 .5 )c os  5cot]
+ 0 .04[(X11 -  0 . 5 ) s i n  6cot + (X^ 2  “ 0 .5 )c os  6cot]
+ 0 .12[(X 1 3  -  0 . 5 ) s i n  7cot + (X1 4  - 0 .5 )c os  7 w t]
+ 0 .04[(X lg -  0 . 5 ) s i n  9oot + (Xlg  -  0 .5 )cos  9cot]
u = 1 2 0 ir r a d / s
and the  random v a r i a b l e s  X^, X2> Xg , • • • ,  Xlg a re  independent  and 
uniformly d i s t r i b u t e d  between 0  and 1 .
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APPENDIX B
TRANSFER FUNCTION OF TWO-POLE GAUSSIAN FILTER
A two-pole Gaussian f i l t e r  i s  shown in Fig.  B - l ,  where the  inpu t  
and ou tpu t  impedances a re  each assumed to  be equal to  1000 ohms. From 
Zverev [27] the  va lues  f o r  and L2  a r e  given by the  fol lowing 
equa t ions :
r  -  2.145 fR- 1 \
C 1  “ 2irfcR ( ’
and L2  = — | ^ 7R (B-2)
where R equals  the  te rm ina t ing  impedances (1000 ohms) and f  i s  the  3 
dB c u t o f f  frequency.  The d es i r ed  value of  f  i s  30 Hz. Thus, the  
va lues  of  and L2  a re  11.38 microfarads  and 3.049 h e n r ie s ,  
r e s p e c t i v e l y .
The c i r c u i t  shown in Fig.  B-2 can now be used to  determine the  
t r a n s f e r  func t ion  H ' ( s ) ,
VQ(s)
H ' ( s ) = v ^ i y  (B-3)
28820.43__________ (B_4)
s 2  + 415.85s + 57640.87
For equal inpu t  and ou tpu t  t e rm in a t io n s ,  a d i f f e r e n c e  o f  6  dB
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Figure B - l . Two-pole Gaussian f i l t e r
1 k O 3.049s
V ,(S )Q
H _L 87873.5
s
Figure B-2. Low-pass Gaussian f i l t e r  with 
a c u t o f f  frequency o f  30 Hz
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r e p r e s e n t s  zero dB i n s e r t i o n  l o s s .  Therefore ,  6 dB should be
s u b t r a c t e d  to  ob ta in  the  ac tua l  i n s e r t i o n  l o s s .  At f  = 3 0  Hz,c
|H ' ( j60 i r ) |  = 0.354 
and 20 log 0.354 = 9 dB a t t e n u a t io n .
Thus, the  ac tua l  a t t e n u a t io n  i s  9 - 6 = 3 dB, which i s  the  des i red  
amount. E qu iva len t ly ,  then ,  the  e f f e c t i v e  t r a n s f e r  func t ion  of  the 
f i l t e r  i s
H(s) = 2H' ( s )  = - z  5.7640 _^84--------------  (B_5)
s^ + 415.85s + 57640.87
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